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INDIRECT NUCLEAR SPIN-SPIN 
INTERACTIONS IN PURE QUADRUPOLE 
RESONANCE SPECTRA* 


R. G. Barnes and R. A. Hultsch 


Institute for Atomic Research and 
Department of Physics, 
Iowa State College, Ames, Iowa 
(Received September 8, 1958) 


It has been suggested’ that the quadrupole re- 
sonance spectra of covalent compounds of the 
heavier elements be examined for evidence of 
exchange coupled nuclear spin-spin interactions.” 
The exchange coupling is roughly proportional 
to the product of the hfs constants of the nuclei 
involved and is determined only by the covalent 
part of the electron wave function.* Such an in- 
terpretation of the anomalous shape of the I'” 
resonance in solid iodine has been given by 
Watkins and Walker* and also by Itoh and Kambe° 
The shape of the solid bromine resonance has 
also been interpreted in this manner.® Using a 
regenerative spectrometer and lock-in detec- 
tion, we have examined the quadrupole reso- 
nance spectra of two compounds containing heavy 
nonresonant spin-3 nuclei and resonant spin- 3 
nuclei; TICl, and HgCl,. No observable effects 
were found, consistent with theoretical estimates 
based on the valence-bond model of Itoh and 
Kambe’® extended to the case that the bonding 
wave function possesses considerable ionic 
character. 

The splitting pattern produced by the exchange 
interaction becomes rapidly more complex with 
increasing spin of the nuclei involved. The 
simplest pattern is obtained when a spin-? reso- 
nant nucleus interacts with one nonresonant spin- 
+ nucleus. If the exchange Hamiltonian is 


written as° 


HK, =dhl, I 


AB Ae! Be * 


+t Jy): (1) 


I Ax! x 
then the single quadrupole resonance frequency 
Vv Q9= eQoz2/2h is replaced to first order by 


three resonances of equal intensity: 
v, = v9+d/2+K, 
v, = vg+d/2 - K, 
vy = ¥g- J/2. (2) 


The further simplification that J = K (isotropic 
interaction) then yields a two-line resonance 
pattern in which the lines have an intensity ratio 
of 2:1 and a splitting of 2d. 

The crystal structure of TICl, is not explicitly 
determined, but it appears’ to be isostructural 
with a number of trichlorides including AICl, 
and YCl,. The Cl** nuclear quadrupole reso- 
nance frequencies in TICl, are 14.756 and 14.812 
Mc/sec at 24°C with an uncertainty of +2 kc/sec*® 
Two resonances are consistent with the struc- 
tural assignment, but the observed intensity 
ratio (3:2) is not in good agreement with the 
value expected crystallographically (2:1). Re- 
corded tracings of the Cl®** resonance spectrum 
show no satellite lines or distortions of the line 
shapes. The line widths are 2.5 kc/sec. As- 
suming for simplicity that the exchange interac - 
tion is isotropic, we may use the line width to 
set its upper bound, J<1.25 kc/sec. 

In HgCl, the Cl** resonance frequencies® are 
22.242 and 22.061 Mc/sec at 22°C with an un- 
certainty of +1 kc/sec. The intensity ratio of 
the two lines is 2:1 in agreement with the well 
established crystal structure.’® Of the Hg iso- 
topes, 70% have spin zero, 17% (Hg'™) have J 
= 3, and 13% (Hg) have 7 = 3. Assuming that 
the fine structure due to Hg*™ is too weak and 
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spread out to be detectable, and that the 
Hg'**c1** coupling is isotropic, leads one to 
anticipate a pair of satellite lines, each of ap- 
proximately one-tenth the intensity of the main 
line (which arises from the 70% Hg species)."* 
Recorded tracings of the Cl°* spectrum show no 
sign of such satellites although signal-to-noise 
ratios as great as 30:1 were obtained for the 
resonance corresponding to the crystallograph- 
ically more abundant lattice site. The lines are 
1.2 kc/sec wide, and again using the width as 
an upper bound to the exchange coupling, yields 
J $0. 6kc/sec. 

These limits to the values of the exchange 
coupling J may be compared with theoretical 
estimates based on the valence-bond approach 
of Itoh and Hambe.*® Extending their method to 
the case that the bonding wave function possesses 
appreciable ionic character, and estimating this 
from the quadrupole resonance frequency and 
electronegativities of the atoms,” gives the re- 
sults in Table I. The sp digonal hybrid wave 
function is appropriate to Hg in HgCl, since the 
structure contains distinct linear molecules.*® 


Table I. Values of exchange coupling J in kc/sec. 
The hybrid wave functions are those for the metal 
atom. 








Theoretical 


Observed sp? sp* sp 





TICl, £1.25 0.7 0.6 


HgCl, < 0.6 








In TIC1, the coordination about Tl is probably 
roughly tetrahedral so that the sp* hybrid would 
be most appropriate. 

In conclusion, it appears unlikely that nuclear 
spin exchange can lead to actual splitting of pure 
quadrupole resonance spectra. Only in the case 
of essentially “pure” covalent compounds of 
heavy elements (Br,, 1) is the coupling large 
enough to distort the line shape. The extreme 
smallness of the coupling parameters in strongly 
ionic compounds has also been recently shown by 
Bloembergen and Sorokin.** 





* 
This work was performed in the Ames Laboratory 
of the U. S. Atomic Energy Commission. 
‘Tt. P. Das and E. L. Hahn, Solid State Physics, 
edited by F. Seitz and D. Turnbull (Academic Press, 
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‘If the interaction is not isotropic, the three-line 
pattern (2) results, each line having approximately 
one-fifteenth the intensity of the unsplit resonance. 
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EFFECT OF CHEMICAL IMPURITIES ON 
X-RAY INTEGRATED INTENSITIES IN 
NEARLY PERFECT GERMANIUM 


Boris W. Batterman 
Bell Telephone Laboratories, 
Murray Hill, New Jersey 
(Received July 23, 1958) 


When a crystal diffracts x-rays as an almost 
perfect crystal, imperfections will usually in- 
crease the integrated intensity by reducing pri- 
mary extinction. Chemical impurities can dis- 
rupt perfect three-dimensional periodicity by 
straining the surrounding lattice, and it is 
possible that these strains can affect x-ray in- 
tensities. This possibility was investigated by 
observing the integrated intensity of the (111), 
(333), and (444) reflections of germanium con- 
taining known amounts of lithium or indium 
atoms. The Bragg reflection intensity of CuK y 
radiation was measured with a double-crystal 
spectrometer and Geiger-counter detector. The 
absolute integrated intensity is given as' (R) 
= Ew/I, where E is the total number of counts 
entering a wide open counter as the crystal is 
rotated through the Bragg reflection with angu- 
lar velocity w,- and J is the measured total 
power of the primary beam. 

It has been shown’ that (R) for germanium is 
insensitive to dislocation contents less than ap- 





VOLUME 1, NUMBER 7 


PHYSICAL REVIEW LETTERS 


OcToBER 1, 1958 





proximately 10° cm™*. A crystal of germanium 
doped with 10** indium atoms/cc was grown with 
a dislocation density less than 10° cm™*. The 
measured (R) varied with position along the 
face of the specimen, and those regions which 
gave high values were still present after 0.1 mm 
of germanium was removed by lapping and 
etching. Values of (R) for such a region are 
given in Table I and are 2.5, 12, and 30% 
greater than the (111), (333), and (444) values, 
respectively, of a typical high-resistivity spe- 
cimen. This shows that in a given region of the 
crystal, the effect on (R) increases with order 
of reflection. 


Table I. Integrated intensity for germanium crys- 
tals with chemical impurities. 








(R)x 10! 


Crystal (111) (333) 





High resistivity 0.888 0.224 
1018 indium 0.910-, 0.250 


Lithium precipitate 1.00 0.279 








Following the technique of Morin and Reiss, * 


lithium was diffused into a high resistivity, low 
dislocation content germanium crystal at 500°C 
and precipitated at room temperature. In this 
process, about 10'* lithium atoms/cc are dis- 
solved and precipitated into about 10” nuclei 

the order of 100 A in size. The measured (R) 
given in the table for the (111), (333), and (444) 
reflections are 13, 25, and 40% greater, re- 
spectively, than the values before lithium 
precipitation. The reflection curves before lith- 
ium addition and after lithium precipitation for 
the (333) peak are shown in Fig. 1. Note that 
the half-width has increased and that the tails of 
the peak are higher and longer, indicating the 
presence of a diffuse scattering in the vicinity 
of the reflection. These results show that re-— 


BEFORE Li 


ADDITION 


AFTER LL 
PRECIPITATION 





FIG. 1. Effect of lithium precipitation on (333) 
reflection from germanium. 


latively low concentrations of chemical impuri- 
ties can produce large increases in x-ray in- 
tensities for crystals in the nearly perfect state 
and suggest that point defects in general might 
affect this property in a similar manner. 





'R. W. James, The Optical Principles of the Diffrac- 
tion of X-Rays (G. Bell and Sons, Ltd., London, 1950). 
2B. W. Batterman, Bull. Am. Phys. Soc. Ser. II, 

3, 106 (1958). 
3F, J. Morin and H. Reiss, J. Phys. Chem. Solids 
3, 196 (1957). 








OPTICAL POLARIZATION OF 
ATOMIC HYDROGEN 


. Wilmer Anderson’ and Francis M. Pipkin 


Lyman Laboratory, Harvard University, 
Cambridge, Massachusetts 


and 
James C. Baird, Jr. 
Mallinckrodt Laboratory, Harvard University, 
Cambridge, Massachusetts 
(Received September 8, 1958) 


Several experiments have been performed re- 
cently in which it was demonstrated that the op- 
tical transmission of an optically oriented vapor 
could be used to detect the zero field hyperfine 
transitions of the alkali metals.'»? Successful 
experiments have also been reported in which 
other alkali metals have been oriented by spin- 
exchange collisions with sodium.*»* This paper 
reports an experiment in which the low-field 
Zeeman (AF = 0) and the hyperfine (AF = 1) 
transitions of the hydrogen atom were optically 
detected by a combination of these techniques. 
An experimental arrangement was used in which 
the hydrogen atoms can be produced in an atmos- 
phere of optically oriented sodium atoms. Spin- 
exchange collisions between the hydrogen and 
sodium atoms then orient the hydrogen atoms. 
When a radio-frequency field is applied to dis- 
orient the hydrogen, there is a change in the 
sodium polarization and hence in the opacity of 
the sodium bulb. 

The optical pumping apparatus is similar to 
that used by Dehmelt® in his studies on the elec- 
tron. For this experiment a 300-cc Pyrex flask 
was filled with a small amount of vacuum-dis- 
tilled sodium, 0.7 mm Hg of hydrogen, 1 cm Hg 
of helium, and 1 cm Hg of argon. All the gases 
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were from spectroscopically pure samples ob- 
tained from the Air Reduction Company. The 
bulb was provided with two 0.040-in. tungsten 
leads mounted at an angle of 90° and with the ends 
within the bulb separated by approximately 1 cm. 
The static magnetic field was 2.4 gauss, and 
was modulated 10% at 15 cycles/sec with a sine 
wave. At one point in each cycle a 30-Mc/sec 
oscillator was pulsed on for 3 milliseconds. 

This oscillator, which was coupled to the bulb 
through the tungsten leads, produced a dis- 
charge in the bulb, which dissociated the hydro- 
gen molecules into atoms. The cell was oper- 
ated at a temperature of 138°C. At this temper- 
ature the bulb transmitted approximately 40% of 
the incident sodium light and the radio-frequency 
sodium signal was a maximum. A war surplus 
T85/APT-5 grounded-grid, coaxial-line oscilla- 


(C) 
For all of these traces the static magnetic 


field is 2.4 gauss. (a) The Zeeman transitions [AF 
= 0, AM=+ 1) insodium. The relative gain is one. 


FIG. 1. 


Oscillator frequency is 1.5 Mc/sec. (b) The Zeeman 
transitions [AF = 0, AM = + 1] in the hydrogen atom. 
Oscillator frequency is 3 Mc/sec and the relative gain 
is 10. (c) The hyperfine transition [F = 0, M=0--F 
= 1, M = 1) in the hydrogen atom. Oscillator fre- 
quency is at 1423 Mc/sec and the relative gain is 100. 
The large-amplitude noise in the trace is due to the 
sodium lamp. 
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tor and a two-turn solenoid 4 in. in diameter 
and 4 in. long were used to produce the radio- 
frequency magnetic field at 1420 Mc/sec. The 
impedance matching was poor and there was in- 
sufficient radio-frequency power to maximize 
the hydrogen hyperfine transition signal. 

Figure 1 shows three of the transitions ob- 
served. Figure 1(a) is the sodium signal at the 
frequency 1.5 Mc/sec. Figure 1(b) is the hydro- 
gen atom low-field transition [AF=0, AM=+1] 
at 3 Mc/sec. Figure 1(c) shows the hyperfine 
transition [F=0, M=0++F=1, M=1] in the hy- 
drogen atom at 1423 Mc/sec. The hyperfine 
transition [F = 0, M=0--F =1, M =-1] was also 
observed. The signal was still growing with in- 
crease of radio-frequency power when the maxi- 
mum power available was applied. 

The signal-to-noise ratio obtained with this 
simple apparatus suggests that with some im- 
provements, this method could be used to re- 
measure the zero-field hyperfine splittings of 
hydrogen, deuterium, and tritium. This would 
be especially useful in the case of tritium as one 
need use only a very small sample. 





* Texas Company Fellow, 1957-58. 

‘w. E. Bell and A. L. Bloom, Phys. Rev. 109, 219 
(1958). ; 

*M. Arditi and T. R. Carver, Phys. Rev. 109, 
1012 (1958). 

’Franken, Sands and Hobart, Phys. Rev. Lett. 1, 
52, 118(E) (1958). 

*R. Novick and H. E. Peters, Phys. Rev. Lett. a; 
54 (1958). 

*H. G. Dehmelt, Phys. Rev. 109, 381 (1958). 





OPTICAL PROPERTIES OF 
CRYSTALLINE BORON 


W. G. Spitzer and W. Kaiser 
Bell Telephone Laboratories, 


Murray Hill, New Jersey 
(Received September 5, 1958) 


In recent years the crystallographic and elec- 
trical properties of boron have received in- 
creasing attention. Detailed studies on the crys- 
tal structure of boron have revealed three modi- 
fications, two rhombohedral types as well as 
one tetragonal.' Electrical measurements’ of 
the resistivity as a function of temperature have 
established crystalline boron as a semiconductor 
with a thermal energy gap of about 1.4 ev at 0°K. 





VOLUME 1, NUMBER 7 PHYSICAL REVIEW LETTERS 


OcToBeER 1, 1958 





At present very little is known of the bulk opti- 
cal properties of crystalline boron. Limited 
optical data have been reported on evaporated 
films and on one bulk specimen of boron of un- 
known purity and crystal structure.* We have 
studied the absorption and reflectivity of high- 
purity boron prepared by E. S. Greiner with the 
zone technique. The carrier concentrations are 
approximately 10'* cm~* and the wavelengths 
range between 0.7 »p and 30 u». The specimens 
were of the rhombohedral type’ with 107 or 108 
atoms per unit cell. In Fig. 1 the reflectivity R 
of a polished boron specimen is shown. Unlike 
the elementary semiconductors silicon and ger- 
manium, boron exhibits considerable variation 
of AK, particularly near 21 4% The wavelength 
dependence of A suggests a region of anomalous 
dispersion near 21 and a corresponding strong 
resonance absorption band is expected. Infrared 
transmission measurements on boron powder 
embedded in a KBr pellet are also seen in Fig. 
1. They clearly show a strong absorption band 
at 21 uv in agreement with the reflectivity data. 
In addition, several absorption bands of smaller 
intensity appear at shorter wavelengths: 10.2 y, 
10.9 p, 11.8 vw, 13.3 wp, 14.7 pand 16.2 uw These 
bands are superimposed upon a scattering back- 
ground due to particle size (dashed curve). In 
Fig. 2 the transmission of a polycrystalline 
boron specimen (crystallite size ~} mm) is 
presented for three different thicknesses: 1.3, 
0.15, and 0.05 mm. Even the thickest sample 
exhibits considerable transmission between 

1.5 p and 4.5 uy. After thinning the specimen, 
extensive structure is observed in the transmis- 
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FIG. 1. Reflectivity of crystalline boron and trans- 
mission of boron powder (same material) as a func- 
tion of wavelength. 


sion measurements as can be seen in Fig. 2. A 
series of bands at 4.5 pp, 6.3 uw, 8.1 uw, 9.3 yp, 

9.7 yp, and 10.1 pare revealed. Low transmission 
between 10.8 pp and 11.8 yp and for \ 212.6 yp in- 
dicate additional strong absorption bands in 
these wavelength ranges. The stronger bands 
with absorption coefficients of the order of 
10°cm™' and larger agree favorably with those 
obtained from the KBr pellet and are believed to 
be lattice absorption bands of elementary boron. 
They are responsible for the small scale varia- 
tions of the reflectivity between 10 pw and 15 yu. 

It is interesting to note that the reflectivity 
value suggests a dielectric constant of € = 8.4 
+0.4 for wavelengths smaller than 20 y while € 
= 10.0+0.5 is indicated for \>25 u. Since capa- 
city measurements*® at 10 kc/sec give € = 14, one 
or more additional regions of dispersion at 
larger wavelengths have to be expected. Optical 
dispersion is commonly known for ionic crys- 
tals and has been found recently in intermetallic 
compounds (e.g., III-V compounds).* It is be- 
lieved that the small but distinct dispersion ob- 
served in this boron modification is the result 
of significantly different electron distributions 
about crystallographically nonequivalent atoms. 
Whether the observed dispersion corresponds to 
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FIG. 2. Transmission of crystalline boron versus 


wavelength for three thicknesses of the specimen. 
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the vibration of specific boron atoms or to vi- 
brations of certain atom groups cannot yet be 
stated. 

As can be seen from Fig. 2, the transmission 
of boron decreases strongly for wavelengths 
smalle: than approximately 2 u. A plot of the 
calculated absorption coefficient as a function of 
photon energy indicates that ‘wo absorption 
mechanisms are present. The absorption rises 
rapidly with increasing energy for hv>1.2 ev. 
This sharp rise is considered to correspond to 
optical transitions across the forbidden energy 
gap. For 0.6 ev<hv<1.2 ev, the absorption in- 
creases less rapidly with the photon energy. 
Several possible causes may be cited for this 
latter absorption: transitions to or from states 
within the forbidden gap, interband transitions 
arising from a complicated band structure, 
scattering effects due to lattice imperfections. 
A more detailed study of these questions is in 
progress. 

We wish to acknowledge the aid of J. A. Gutow- 
ski who prepared some of the specimens for the 
measurements and G. Sorin who helped in taking 
some of the infrared data. 
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BROKEN ATOMIC BEAM 
RESONANCE EXPERIMENT™ 


Daniel Kleppner, Norman F. Ramsey, 
and Paul Fjelstadt 
Lyman Physics Laboratory, 
Harvard University, 
Cambridge, Massachusetts 
(Received August 18, 1958) 


All past atomic beam resonance experiments 
have been limited to cases in which the atoms 
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undergo no collisions between the source and 
the detector. However, several years ago 
Ramsey’»* pointed out that the separated oscilla- 
tory field resonance method in principle could 
be extended to cases in which the atoms in the 
beam were subject to collisions either with other 
atoms or with suitable solid surfaces in the re- 
gion between the two oscillatory fields. It was 
pointed out” that such experiments not only 
would provide information on the nature of the 
collisions but also might make possible reso- 
nance experiments of unprecedented accuracy if 
the atoms could be stored for considerable 
lengths of time in a box with suitable surfaces. 
It is the purpose of the present note to point 
out the first success of such a broken atomic 
beam experiment. .The arrangement of the appa- 
ratus for the experiment was as shown in Fig. 
1. Cesium atoms from a heated oven emerged 
into a six-pole deflecting magnetic field* region 
from which only the atoms in the hyperfine state 
F =4 could emerge. The atoms then entered 


wICROWA) on 
CAVIT es. iia ont 8 FIELD 


DETECTOR 
FILAMENT 








FIG. 1. Experimental arrangement of the broken 
atomic beam. 


the first oscillatory field region followed by a 
small box of such a configuration that no atom 
could pass through the box without undergoing at 
least two wall collisions. The atoms then en- 
tered the second oscillatory field region which 
was followed in turn by another six-pole deflect- 
ing magnetic field through which only F = 4 
atoms could pass. The characteristic Ramsey 
separated oscillatory field resonance pattern® 
was then sought corresponding to atomic transi- 
tions between the F = 4, M=0 and F=3, M 

= 0 state. 

The first box tried possessed walls of un- 
heated teflon. With these no Ramsey pattern 
could be observed in the emerging beam, though 
a pattern corresponding to transitions in a 
single microwave cavity was observed. How- 
ever, when the box was heated to 100°C the 
characteristic Ramsey pattern was observed, 
despite the fact that the atoms of the beam had 
to undergo at least two collisions between the 
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oscillatory fields. The observed intensity of the 
resonance corresponded to about 15% of the in- 
tensity of the beam emerging from the box. 
Surfaces of unheated eicosane and polyethylene 
have also been tried. Both gave Ramsey curves 
of a size comparable to that of heated teflon. At 
present we are trying to determine whether the 
small size of the Ramsey pattern truly repre- 
sents relaxation of the atoms on the walls or is 
due to some experimental difficulty. It is sus- 
pected that the power levels in the microwave 
cavities may not have been their optimal values. 

The only reported experiment closely related 
to the present one is the recent successive os- 
cillatory fields experiment of Robinson, Ensberg, 
and Dehmelt® which was based on another aspect 
of Ramsey’s proposal.'»? However, Dehmelt’s 
experiments were limited to low-frequency 
transitions between states which differed only in 
magnetic quantum number. The experiments in 
the present report are the first wall collision 
resonance experiments involving high-frequency 
transitions between states of different hyperfine 
F values as well as the first resonance experi- 
ments of any kind with the broken atomic beam 
resonance method. The present resonance ex- 
periments are more distantly related to the 
nonresonance wall bounce experiments of 
Hawkins® and the spin relaxation experiments of 
Robinson, Ensberg, and Dehmelt.°® 

At present, an extensive program for testing 
different collision surfaces is being initiated in 
the hopes of finding a suitable surface for a 
high precision atomic clock incorporating both 
the storage box’>”? and maser principles.’ 

The authors wish to thank J. T. LaTourrette, 
W. A. Hardy, S. M. Gardner and the other mem- 
bers of the Harvard Molecular Beam Laboratory 
for their help in this experiment. 
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38, 159 (1951). 
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PIEZOELECTRIC EFFECT IN 
INDIUM ANTIMONIDE* 


J. H. Wasilik and R. B. Flippenf 
National Bureau of Standards, 
Washington, D. C. 
(Received August 7, 1958) 


It is expected that crystals of the zinc blende 
structure will be piezoelectric, since the lattice 
lacks a center of symmetry. The ionic character 
of InSb has been indicated by several authors’ ° 
to be in the range of 10-20% of the total available 
charge. 

We have made qualitative observations of pie- 
zoelectric resonances at the first and third har- 
monics of thickness vibrations in two InSb 
plates. Because of the relatively high conduc - 
tivity (~200/ohmcm) of InSb at room tempera- 
ture which would effectively short out the piezo- 
electric voltage, measurements were taken at 
78°K and 4.2°K where the resistances of the 
samples were large.* The plates, 0.71 and 1.02 
mm thick and 5 mm square, were cut normal to 
the [111] direction, and their faces ground par- 
allel within a few hundredths of amm. The 
plates were then etched and their large flat sur- 
faces plated with rhodium; thin copper leads 
were indium-soldered to the corners of the 
plated sides. The plates were then mounted ina 
vacuum to reduce acoustic losses. One sample 
had a p-n junction in the plane of the plate and, 
as suggested by Burstein,° such a sample should 
be suited for a qualitative observation of a pie- 
zoelectric effect, having a relatively high re- 
sistance, even at liquid nitrogen temperatures. 
The other sample (from an adjacent slice) was 
high-resistivity p-type (~1.4x10° ohm-cm at 
liquid helium temperature). In both samples the 
effect was detected as a slight drop in voltage 
across the plate when the frequency of the 
driving oscillator (loosely coupled to the sample) 
was tuned through one of the resonant modes of 
the plate. The voltage change was observed as 
a departure from a null condition in a voltage 
compensation circuit. The calculated and ob- 
served resonance frequencies for the two plates 
are given in Table I. The effect was detected in 
the p-n junction plate at both liquid nitrogen and 
liquid helium temperatures at the same frequen- 
cies. In the p-type plate it could be detected 
only at 4.2°K. 

As is characteristic of vibrating plates, the 
thickness modes are coupled to numerous other 
modes of vibration, flexure, face shear, etc., 
resulting in a number of resonances grouped 
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Table I. Calculated and observed frequencies and some observed Q's of two InSb 


plates. 








p-n junction plate 


p-type plate 





calc. freq’s., Mc/sec 
1.92 +0. 06 
5.76 +0.18 


calc. freq’s., Mc/sec 
2.74 + 0.06 
8.22 +0.18 





obs. freq’s., Mc/sec 
1.949 
1. 962 


1.973 


obs. freq’s., Mc/sec 


Q in units of 10° 
2.764 0.57 
. 796 1.7 to 2.4 


2 
2.857 1.0 
2 


1.4 





around the thickness mode. This is what was 
observed — resonances being found in the p- 
type plate from 2.60 Mc/sec to 2.87 Mc/sec, and 
from 8.38 Mc/sec to 8.44 Mc/sec. A similar 
situation existed in the p-m junction plate. The 
strongest of these modes for the fundamental 
and third harmonic are tabulated in Table I. The 
frequencies of the fundamental and third har- 
monic were calculated using elastic constants 
and density extrapolated to liquid helium tem- 
perature. The elastic constants used were 
means between the values given by McSkimin et 
al.® and Potter.’ The latter’s work was used for 
the extrapolation to liquid helium temperature. 
For the p-type plate, the Q’s of several of the 
more prominent modes were measured and these 
results are also shown in Table I. 

A quantitative evaluation of d,, is difficult 
since the contact impedance is large (~14 times 
the ohmic resistance of the sample). This con- 
tact impedance appears to decrease at piezo- 
electric resonance. The reason for this is not 
known at present. Further experiments are 
planned in order to overcome this difficulty. 





*This research was supported in part by the U. S. 
Air Force through the Air Force Office of Scientific 
Research of the Air Research and Development Com- 
mand. 

t Present address Carnegie Institute of Technology, 
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EXCITATION OF VERY-HIGH- FREQUENCY 
SOUND IN QUARTZ 


H. E. BOmmel and K. Dransfeld 


Bell Telephone Laboratories, 
Murray Hill, New Jersey 
(Received September 5, 1958) 


Recently Baranskii' reported the generation of 
longitudinal ultrasonic waves along the x axis of 
a 1.5-cm-thick quartz plate in the frequency 
range from 10° to 2x10° cps, using standard 
optical diffraction methods for detection.” 

We have performed a series of further experi- 
ments at 10° to 2.5x10° cps as part of a program 
to extend research with ultrasonic waves into 
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the microwave frequency range: 

(1) A 9-mm quartz cube with optically flat 
surfaces was placed in the electric field of a 
coaxial cavity which had two opposite slots for 
optical observation. By orienting either the x or 
y axis of the cube parallel to the field, longitud- 
inal or transverse waves could be generated, 
distinguished by their different diffraction angles 
for light. Figure 1 shows an example for longi- 
tudinal waves. 


FIG. 1. Photograph of longitudinal sound beam in 
quartz cube. Frequency v = 1000 Mc/sec. In the 
picture on the right,’ the HF Power was turned off. 


(2) A rectangular rod 4x1x0.5 cm, with the x 
axis along its length, was placed with one end 
in the electric field of the cavity, parallel to the 
x axis [see Fig. 2(a)|. In this way it was possible 
to observe the traveling sound waves in the sec- 
tions /, inside the cavity as well as /, outside. 
From the intensity of the diffracted light at 
different points of the rod, the sound attenuation 
at 1000 Mc/sec was estimated to be of the order 
of 2 to 4 db/cm. 

(3) The direction of sound propagation depends 
on the angle between the end face f and the x 
axis [see Fig. 2(b)]. An angle of 10° caused, 
under otherwise identical conditions, a change 
in the direction of propagation of about 25° to 
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(a) (b) 


FIG. 2. Sound propagation in rectangular quartz 
rod extending out of coaxial cavity c. (a) End face 
perpendicular to x axis. (b) End face under angle of 
10° tox axis. 


30°, as can be explained by the elastic proper- 
ties of quartz. 

(4) A cylindrical x-cut quartz rod 2.5 cm long 
and 0.3 cm in diameter, with optically flat and 
parallel end faces, was placed between two 
identical cavities, one of which served as a 
transmitter and the other as a receiver. This 
arrangement showed the reconversion of acous- 
tical into electromagnetic energy: at 1500 and 
2.5 Mc/sec, pulses of 1 microsecond duration 
fed into the transmitter cavity were received 
about 5 microseconds later in the second cavity, 
corresponding to the acoustic delay in the rod. 
The ratio of electrical input to output power was 
slightly greater than 10’. There was no com- 
parable electrical leakage between both cavities. 

Our observations, in particular the one men- 
tioned under 3, suggest that even for homogene- 
ous electric fields these ultrasonic waves are 
excited at the surface of the quartz crystals. 
This is understandable, because it is only here 
that under the influence of the uniform piezo- 
electric stress a displacement can be initiated. 
This displacement then propagates as a trav- 
eling wave into the interior. 

If one assumes that most of the electric field 
of the cavity is concentrated in a volume V of 
the quartz rod, an estimate shows that the 
acoustic power F, leaving the surface is 


F, = [P(aq/V)Q] P;, (1) 


where k = electromechanical coupling constant 
(for quartz about 107’), \ = acoustic wavelength, 

= cross section of the rod, Q@=quality factor of 
the cavity, and P; = power input. This holds 
for critical coupling of the input lead into the 
cavity. The order of magnitude of F, agrees 
with a qualitative estimate from the observed 
intensity of light diffracted by the sound waves. 

Relation (1) can also be shown to be recipro- 
cal, i.e., the conversion at the receiving cavity 
from acoustic into electromagnetic energy takes 
place with the same efficiency: 


Pout = OAG/NQ)F: , (2) 


where P,,4 = output of the receiving cavity, F, 

= incident sound energy flux. Therefore, neg- 
lecting sound absorption, the output from the 
second cavity should be smaller than the power 
input into the first cavity by a factor [*(vq/V)9P. 
Allowing for sound absorption, this agrees with 
the results reported under 4. 





'k. N. Baranskii, Doklady Akad. Nauk S.S.S.R. 
114, 517 (1957) (translation: Soviet Phys. Doklady 2, 


235 





VOLUME 1, NUMBER 7 


PHYSICAL REVIEW 


LETTERS OcrToBeER 1, 1958 





237 (1957)). 

See for example L. Bergmann, Ultrasonics and Its 
Scientific and Technical Applications (G. Bell and 
Sons, Ltd., London, 1938). 











INFRARED ABSORPTION OF PHOTO 
GENERATED FREE CARRIERS IN GERMANIUM 


Lennart Huldt and Torsten Staflin 


Institute of Optical Research, 
Royal Institute of Technology, 
Stockholm, Sweden 
(Received July 31, 1958) 


The far infrared absorption in semiconductors 
due to free carriers, electrons or holes, has 
previously been used for the detection and meas- 
urement of injected carriers.’ The same kind 
of investigation can also be used for photogener- 
ated carriers.*»* This technique permits studies 
of diffusion, lifetimes, recombination and scat- 
tering mechanisms in semiconductors by purely 
optical means. The following note is an intro- 
ductory report of an investigation performed 
according to these ideas. 

A single crystal of pure germanium of dimen- 
sions 5X10 x15 mm, optically polished and 
etched, was inserted in front of the entrance 
slit of a Perkin Elmer spectrophotometer 
equipped with a rock salt prism. By illuminating 
the crystal with a tungsten ribbon lamp using a 
large condenser lens, an appreciable increase 
in the absorption took place. The spectral dis- 
tribution of the absorption increase showed the 
well-known structure of Fig. 1, which is as- 
cribed to the transition of holes between the 
valence sub-bands.*~® It is known‘ that, in this 
wave-number region, the absorption cross sec- 
tion for holes is much greater than for elec- 
trons. Since every absorbed photon creates an 
electron-hole pair, we may suppose that the 
increase in the number of holes is of the same 
order of magnitude as (but not necessarily equal 
to) the increase in the number of electrons. 
Hence, the actual absorption is dominated by 
the holes. These measurements are being ex- 
tended to longer wavelengths. 

The increase in the hole concentration illus- 
trated in Fig. 1 is due to the sum of the photo- 
electric effect and the heating effect caused by 
the illumination. The temperature increase re- 
sulting from steady ribbon lamp irradiation was 
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FIG. 1. Increase, due to illumination, of the ab- 
sorption coefficient of germanium as a function of 
wave number. Curve a; intrinsic Ge (resistivity 


50 ohmecm). Curve b; antimony-doped, »-type Ge 
(resistivity 20 ohmcm). 
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determined by using the known shift of the main 
absorption edge®,” as a thermometer and was 
found to be about 30°C. This temperature in- 
crease should produce an absorption increase 
which is negligible compared with the observed 
level. By taking readings rapidly, thus avoid- 
ing this heat effect, we could extend the meas- 
urements in the short-wavelength direction. It 
was found that the free-hole absorption is still 
decreasing when passing into the main absorp- 
tion band. 

For studying the geometrical distribution of 
the hole concentration increase, a narrow pencil 
of the infrared beam penetrating the sample was 
isolated by means of auxiliary slits on each side 
of the sample. The exciting light from the ribbon 
lamp was incident perpendicularly to the test 
beam upon the rectangular surface of the crys- 
tal. The latter could be moved in a plane per- 
pendicular to the infrared beam by means of two 
micrometers. For intrinsic Ge (50 ohmcm), a 
movement perpendicular to the ribbon lamp 
beam caused no alteration in the photoinduced 
absorption. Hence, we can conclude from this 
that, for this sample, surface recombination is 
unimportant. The distribution perpendicular to 
the illuminated surface is shown in Fig. 2 for 
different intensities of exciting light. Within the 
accuracy of measurements, the absorption in- 
crease, and hence the increase in the number of 
holes, was approximately proportional to the 
light intensity which was attenuated nonselec- 
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FIG. 2. Increase in abosorption coefficient of Ge 
crystal (50 ohmcm) at wave number 850 em7! asa 
function of distance to illuminated surface for four 
different intensities of exciting light. The intensities 
were varied, from bottom to top, in the ratio 1:2:3:4. 


tively. 

The curves in Fig. 2 are, disregarding the 
absolute magnitude, independent of the wave 
number of the infrared radiation but not inde- 
pendent of the spectral composition of the ex- 


citing light. The latter fact is illustrated in Fig. 


3, where the radiation from the tungsten ribbon 
lamp has been filtered through different media. 
The water jacket absorbs the radiation of wave 
number <7000 cm~*. For the remaining light, 

the absorption coefficient in Ge is greater than 
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FIG. 3. Increase in absorption coefficient of Ge 
crystal (50 ohmcm) versus distance to illuminated 
surface for exciting light (a) filtered through 10-mm 
water, (b) unfiltered, (c) filtered through Ge plate, 
1 mm thick. 


10° cm™~! which means that the absorption and 
carrier generation takes place in a surface 
layer of thickness <<1mm. Thus the curve (a) 
in Fig. 3 illustrates the diffusion of holes from 
the surface. On the other hand, a pure germa- 
nium plate, 1 mm thick, transmits radiation 
with absorption coefficient ~ (crystal length)? 
and accordingly, curve (c) represents the action 
of ionizing, penetrating radiation. 

The “white light curves” in Fig. 2 and (b) in 
Fig. 3 may be considered to be a superposition 
of curves (a) and (c). In order to study hole 
diffusion, only nonpenetrating exciting radiation 
should be used, i.e., the light should be filtered 
through a water jacket. In such a case, every 
curve in the semilogarithmic representation will 
become a perfect straight line within the limits 
of error. In the sense of current recombination 
theories, ® our case should correspond to “high 
carrier density.” The diffusion length for the 
intrinsic sample was found to be 0.14 cm. From 
Ly = (DpTp)2 = (48 cm’ sec™’ x Tp)?, we obtain 
the mean hole lifetime 7, = 400 usec. 

For an n-type sample of 20 ohmcm, the sur- 
face recombination appeared to be more impor- 
tant than that for the intrinsic sample. The 
diffusion length was of about the same magnitude. 

A direct determination of lifetimes by means 
of an optical method is being performed. Until 
this is completed, we postpone further discus- 
sions of the data observed and their interpreta- 
tions. 





‘A. F. Gibson, Proc. Phys. Soc. (London) B66, 588 
(1953). N. J. Harrick, Phys. Rev. 101, 491 (1956); 
1173 (1956). 

2N. J. Harrick, J. Appl. Phys. 27, 1439 (1956). 

3F. R. Kessler, Z. Naturforsch. 13a, 295 (1958). 

‘Kaiser, Collins, and Fan, Phys. Rev. 91, 1380 
(1953). ~~ 

*‘H. B. Briggs and R. C. Fletcher, Phys. Rev. 91, 
1342 (1953); A. H. Kahn, Phys. Rev. 97, 1647 (1955); 
H. Y. Fan, Reports on Progress in Physics (The 
Physical Society, London, 1956), Vol. 19, p. 107. 

‘Burstein, Picus, and Sclar, Proceedings of the 
Conference on Photoconductivity, Atlantic City, 
November, 1954, edited by R. G. Breckenridge et al. 
(John Wiley and Sons, New York, 1956), p. 353. 
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Conference on Photoconductivity, Atlantic City, 
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ENERGY RELEASED ON ANNEALING 
QUENCHED-IN DEFECTS IN GOLD 


Warren DeSorbo 
General Electric Research Laboratory, 
Schenectady, New York 
(Received September 11, 1958) 


To date, experimental studies on quenched-in 
defects in close-packed metals have relied mostly 
on resistometric techniques.' However, inherent 
difficulties in the corresponding theoretical in- 
terpretation of these resistivity results make 
such a study an indirect one. More recent meas- 
urements— such as specimen length changes, ” in 
addition to resistivity changes, during annealing 
of these defects— have helped to supplement the 
results. A fundamental quantity to measure is 
the energy released during the annealing. In the 
formation of the imperfection, energy is stored 
in the lattice. It is released in form of heat upon 
annihilation of the defect. Such basic information 
would further contribute to the understanding of 
the defects and their annealing behavior. The 
purpose of this note is to present some prelimin- 
ary experimental results on the energy released 
when the quenched-in defects in gold anneal iso- 
thermally. 

The calorimeter has been described earlier.* 
The gold specimens (99.999%) consisting of rect- 


Table I. 


angular slabs 0.5in. x0.4in.x0.020in., were 
heated in a furnace and quenched in an ice-water 
mixture. The quenching rates varied from 0.8 

x 10* to 1.1 x10*° Cec. Unlike the resistometric 
procedure, the first measurements were poss- 
ible, in these preliminary results, only after 
about 20 minutes (t;) from time of quench (t =0). 
(The calorimeter is now being modified to improve 
this.) The annealing process was followed for 
about 7-8 hours (ty) thereafter. The energy re- 
leased during this interval is tabulated in Table 
I, 

The rate of energy release at ¢; indicates that 
an appreciable fraction, AE(t,-t;), has been 
evolved prior to ¢; and not detected; also at ty, 
the power indicates a smaller fraction, AE(t;-t,.), 
released for the period ¢ >t. In the early period 
of the measurements, starting at ¢;, it is found 
that the power can be described, to better than 
5%, by a simple second order kinetic expression. 
Koehler, Seitz, and Bauerle* suggest that at 
quenching temperatures reported here the kinetics 
are complex, probably involving multiple vacan- 
cies. We are not at this time able to elucidate 
this point but only use the second order expression 
as a means of extrapolating the experimental 
data from ¢; to t,. The values of the energy in- 
crements, AE(t,-tj), thus evaluated are listed 
in Table I. The Table also lists the estimated 
values of AE(t¢—t .) as well as the probable 
“total” energy based on an average value of these 


Energy released on annealing quenched-in defects in gold. 








AE (ttf) 
(cal/g atom) 
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2¥stimated assuming AE (t¢—t,.) proportional to fractional quenched-in resistivity remaining at tf (reference 2). 


Estimated from extrapolating power dega for tote. 


¢ Integrating second-order expression 
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1," 42 


Tg" 835°C 
Ty" 305°C 








Time (in) 


FIG 1. Energy released as a function of time during 
isothermal annealing of quenched-in defects in gold from 
different quenching temperatures, TQ, and annealing 
temperatures, Ty . 


numbers. (See also Fig. 1.) 

It is interesting to combine these calorimetric 
results with the resistivity data of Bauerle and 
Koehler’ and to determine the resistivity increase 
per one atomic percent of vacancies, Ap/c, based 
on experimentally derived quantities. That is, 
Ap/c= Sp/(AE/E¢) where Ap is the quenched-in 
resistivity, AE the energy evolved, and Ef the 
energy of formation of the defect. These values 
must all be determined for a given specimen 
having the same thermal history and quenched at 
comparable quenching rates. We have not, in 
this preliminary work, made any attempt to de- 
termine Ey independently. Bauerle and Koehler? 
report that, for gold specimens, comparable to 
those used in this work, Ap=A exp (-E¢/kT 9). 
They found that the formation energy, Ey =0.98 
ev, does not vary with quenching rates, whereas 
the constant A does. Extrapolating their decrease 
in A, we obtain a value of A=4.0x10™ ohm-cm 
appropriate to our quenching rate ~ 1 x10*° C/ 
sec. The values of the ratio Ap/ obtained in this 
way are tabulated in Table I. The best value of 
Ap/c~ 2.4 x10~* ohm-cm/atom %, since the value 
obtained for the lowest quenching temperature 
has a large experimental uncertainty. Koehler, 
Seitz; and Bauerle,* based on resistometric and 
fractional length changes’ and estimates of the 
volume increase per vacancy (AV/V), report 
for AV/V=1 the value Ap/c =3.2x10~* ohm-cm/ 
atom % or for AV/V=0.4,* Ap/c =1.3x 107° ohm- 
cm/atom %. Our value of Ap/c implies AV/V 
~0.7. Recent theoretical work of Tewordt® re- 
ports values which average about 0.5 for AV/V. 

Table I also lists the values of AE/Ap, the 


ratio of the energy released to the resistivity 
change upon annealing the defects. These values 
are to be compared with the ratio AE/Ap =1.7 
cal/gram microhm cm obtained by Overhauser’ 
for copper irradiated by deuterons and a value 
AE/Ap =3.0 cal/gram microhm cm determined 
from results of Blewitt et.al.® on annealing 
copper irradiated by neutrons. 

The author is grateful to D. Turnbull for dis- 
cussions and criticisms of the manuscript. For 
the latter he also thanks J. W. Corbett and R. M. 
Walker. W. A. Healy assisted in the experiment- 
al work. 





'E. g., for gold, see bibliography of reference 2. 
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1957 (unpublished); see also DeSorbo, Treaftis, and 
Turnbull, Acta Metallurgica 6, 401 (1958). 

‘Koehler, Seitz, and Bauerle, Phys. Rev. 107, 1499 
(1957). 

°C. W. Tucker, Jr., and J. B. Sampson, Acta 
Metallurgica 2, 433 (1954). 

*L. Tewordt, Phys. Rev. 109, 61 (1958). 

"A. W. Overhauser, Phys. Rev. 94, 1551 (1954). 

® Blewitt, Coltman, Klabunde, and Noggle, Confer- 
ence de l'Institut International du Froid, Delft-Nether- 
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MICROWAVE AND LOW- FREQUENCY 
OSCILLATION DUE TO RESONANCE 
INSTABILITIES IN FERRITES 


M. T. Weiss 


Bell Telephone Laboratories, 
Holmdel, New Jersey 
(Received September 12, 1958) 


Microwave and low-frequency oscillations have 
been observed in single crystal yttrium iron 
garnet (YIG) disks, with Fig. 1 showing a typical 
oscillation spectrum. These sideband oscilla- 
tions were observed with the YIG disk placed in 
a microwave resonant cavity, with microwave 
power above a certain critical value incident on 
the cavity, and with a dc magnetic field applied 
normal to the disk and of such magnitude as to 
cause ferromagnetic resonance at the microwave 
frequency. These oscillations can also be ob- 
served as.a modulation of microwave output of 
the cavity. 

The particular sideband spectrum shown in 
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FREQUENCY IN MEGACYCLES PER SECOND 
FIG. 1. Sideband oscillations produced in a YIG 
disk. 


Fig. 1 was obtained with a YIG disk, 0.015 in. 
thick by 0.050 in. in diameter, placed ina 
microwave cavity having a Q of about 1000 at 
9500 Mc/sec. When the incident microwave 
power exceeded a critical value of about 50 
milliwatts, the sideband oscillations suddently 
appeared. It is to be noted from Fig. 1 that the 
high-frequency sidebands are larger in ampli- 
tude than the low-frequency sidebands, indica- 
ting that the incident electromagnetic wave is 
being both frequency- and amplitude - modulated 
by the YIG. The oscillations continue over a 
range of dc fields of 20 oersteds, although the 
line width at low microwave power is only 2 
oersteds. However, the sideband separation 
frequency decreases by 0.75 Mc/sec as the dc 
field increases by 20 oersteds. 

Experimentally, the sidebands were detecting 
by mixing the cavity output with a swept beating 
oscillator and feeding this into a narrow band if 
amplifier. The low-frequency 12 Mc/sec oscil- 
lation could be detected by means of a coil 
placed near the ferrite disk with the plane of the 
coil being parallel to the plane of the disk. This 
indicates that M, is varying at a 12 Mc/sec 
rate. One could also observe the oscillations as 
amplitude variation in the microwave output of 
the cavity by displaying the rectified output on 
an oscilloscope. This rectified output has the 
appearance of a relaxation type of oscillation, 
of saw-tooth character. Heating effects were 
eliminated by pulsing the incident power with a 
low duty cycle. 

The above experiment was tried on a variety 
of YIG disks of various shapes and sizes in 
several cavities. The results show that the side- 
band separation frequency falls between 0.1 
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FIG. 2. Anharmonic response of a thin normally 
magnetized disk due to the dependence of resonant 
frequency on amplitude. The hysteresis effect or 
"jump" phenomenon is also shown. 


Mc/sec and 15 Mc/sec, depending on the disk 
used, the cavity tuning, the incident microwave 
power, and the dc magnetic field. 

It is believed that the above phenomenon is due 
to the ferromagnetic resonance instability as- 
sociated with the fact that the resonant frequency 
of a disk depends on M, and thus on the rf mag- 
netic field used to drive it. Thus, for a thin 
disk, one has 


Wres = YA, - 4nM,) = YA, - 41M) +2nyM@?, 


where @ is the angle of precession of the mag- 
netization. It has been shown by Anderson and 
Suhl’>? that if the rf magnetic field exceeds a 
critical value given by 


a 
Korit = A4H(3.08AH/41M) 2, 


then instability results. Above this threshold 
signal level, the resonance response curve folds 
over to lower dc field values and to higher fre- 
quencies, as shown in Fig. 2. If there were no 
resonance cavity surrounding the ferrite, one 
should expect to observe a hysteresis in the re- 
sponse curve as shown in Fig. 2. Such a hyster- 
esis was actually observed when the disk was 
placed in a straight waveguide. 

With a microwave cavity surrounding the YIG 
disk, the situation is appreciably altered since 
the power absorption of the YIG disk is a dis- 
continuous function of the rf magnetic field am- 
plitude in the cavity, which in turn depends on 
the amount of power absorption of the YIG spe- 
cimen. This creates the conditions necessary 
for relaxation oscillations to be set up. 

All of our experimental results are consistent 
with the above explanation. Thus, modulation 
of the cavity output is observed only when the 
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attenuation vs frequency response has a sharp 
discontinuity (Fig. 2). The oscillations occur 
for dc field values somewhat above that required 
for ferromagnetic resonance, as expected. 
Furthermore, no oscillations occur without a 
microwave cavity, even though the frequency 
response curve does show the discontinuous 
“jump” phenomenon. Finally, an experiment 
was tried with a thin rod 0.007 in. in diamter by 
0.070 in. long and the oscillations occurred at 
dc field values somewhat above that required for 
resonance. This is in accord with the fact that 
the foldover of the response curve for a rod is 
in the opposite direction to that of a disk. 

Similar effects have been observed on manga- 
nese ferrite spheres at much higher signal power 
levels (in the kilowatt range). For spheres, the 
foldover in the response curve comes about not 
from demagnetizing terms in the wreg vs H 
equation but from anharmonic terms in the crys- 
talline anisotropy which is a function of Mz, as 
shown by Suhl.* 

The possibility of low-frequency acoustic re- 
sonance effects causing the above phenomena 
was considered. However, experiments were 
performed which showed that no such effects 
were present in our case. 

I wish to thank A. G. Fox, E. H. Turner, and 
R. F. Trambarulo for helpful discussions and 
K. M. Poole and J. F. Dillon, Jr., for providing 
the YIG samples. 





"Pp. W. Anderson and H. Suhl, Phys. Rev. 100, 
1788 (1955). 

’H. Suhl, Proc. Inst. Radio Engrs. 44, 1271 (1956). 

3H. Suhl (private communication). 





MAGNETOACOUSTIC RESONANCE IN 
YTTRIUM IRON GARNET 


E. G. Spencer and R. C. LeCraw 
Bell Telephone Laboratories, 
Murray Hill, New Jersey 
(Received September 12, 1958). 


Polished spheres of single-crystal yttrium iron 
garnet (YIG) have been observed to resonate 
acoustically in the 5-Mc/sec to 30-Mc/sec region 
by applying a 9300-Mc/sec or a 3000-Mc/sec 
electromagnetic signal under proper conditions.’ 
The ferromagnetic resonance line width of the 
samples used is 0.5 oe (full width). The follow- 
ing observations and conclusions have been made. 

A polished sphere of single crystal YIG, 0.0141 
in. in diameter is placed loose on the bottom of a 


quartz tube in a microwave cavity (Q, = 500) ina 
position of maximum rf magnetic field. The 
microwave energy transmitted through the cavity 
is detected and displayed on a high-speed oscillo- 
scope. An 8.966-Mc/sec signal is observed. The 
signal is sufficiently large to modulate the micro- 
waves by as much as 50%. The oscillation can be 
observed with microwave power incident on the 
cavity as low as 4 milliwatts. 

In order to identify the oscillation as being 
acoustic, the following were measured: 

(1) the acoustic resonance as a function of 
sample size; 

(2) a fundamental acoustic resonance by acous- 
tic techniques; 

(3) the small pulling of the acoustic resonant 
frequency due to changes in microwave power 
and dc magnetic field; 

(4) changes in acoustic loading by varying the 
air pressure on the YIG sphere; 

(5) the frequency spectrum of the acoustic re- 
sonances; 

(6) acoustic resonance as a function of micro- 
wave frequency. 

For acoustic vibrations, the frequencies gener- 
ated in the spheres would vary inversely as the 
ratio of the diameters. This turned out to be the 
case; e.g., for an 0.0141-inch sphere and an 
0.0175-inch sphere the frequencies are 8.966 and 
7.222Mc/sec, respectively, which are exactly in 
inverse ratio to the diameters. 

Measurements of a fundamental acoustic re- 
sonance of the 0.0141-inch sphere were made by 
McSkimin using a pulsed ultrasonic technique.® 
Sound wave pulses generated by a barium titanate 
transducer having a spherical surface are focused 
on the YIG sphere, the sphere and transducer 
being immersed in a small tank of water. The 
sound waves reflected from the sphere disappear 
when the frequency is adjusted so as to excite 
acoustic resonance. The frequency of acoustic 
resonance is 8.685 +0.005 Mc/sec which is only 
a quarter of a megacycle lower than the reson- 
ance generated by microwave methods. Because 
of the wavelength of sound in water relative to 
that in YIG, it is possible for the reactive loading 
of the sphere to be small while the resistive load- 
ing remains large. This is probably the reason 
the frequency is not lowered more due to the 
acoustic loading of the water. No other reson- 
ances appear in the pass band of the equipment, 
which is 7.5 to 11.5 Mcec. It is concluded that 
the acoustic resonance observed is the same fun- 
damental vibrational mode which is excited by 
microwave methods. 
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In the microwave experiment, as the power is 
slowly increased, the oscillations suddenly appear 
at approximately full amplitude. As the power is 
further increased the range of the dc field over 
which the oscillations occur is also in creased. 

At about 80 mw the range of the variation of the 
dc field is about 30 oe. Over the entire range 
of microwave power and dc field, the oscillation 
frequency changes by no more than 20 kc/sec. 
The small amount of pulling implies a high-Q 
phenomenon and strongly suggests that it is 
acoustic. 

Additional evidence that the oscillations are 
acoustic is given by the change in frequency due 
to small changes in acoustic loading of the YIG 
sphere. The loading is changed by evacuating 
the sample tube with a vacuum pump. The fre- 
quency of the oscillation increases by about 500 
cycles as the pressure decreases from atmos- 
pheric pressure to a micron of pressure and at 
the same time the rf power necessary to excite 
the oscillation is considerably reduced by the 
reduction in pressure. 

A sphere can vibrate acoustically in longitudinal 
modes, transverse modes, and modes involving 
a combination. The mode spectrum thus consists 
of three or more fundamental vibrations with their 
associated series. An acoustic vibration can also 
generate, electrically in the YIG, harmonics 
which have integral frequency relations. Using 
the 0.0175-inch sphere, the mode spectrum was 
measured as a function of the microwave power 
incident on the cavity. Ata low power (13 mw) the 
oscillation frequencies observed are 7.222, 
14.444, 21.666, and 28.888 Mcfec. After increas- 
ing the power to 22 mw, either this series or 
another can be obtained by adjusting the dc field. 
The second series is 13.660 and 27.320 Mc/sec. 
By increasing the power to 80 mw, over 20 re- 
sonances not integrally related were tabulated 
in the band from 0-30 Mc/sec. The two fre- 
quencies 7.222 and 13.660 Mc/sec are exception- 
ally strong and are believed to be the fundamental 
spheroidal and radial elastic modes of vibration. 
Calculations of these frequencies, for an isotropic 
sphere and using sound velocities measured by 
McSkimin® in stoichiometric polycrystalline YIG, 
agree to within 3% with measured values. 

Most of the experiment was performed at 9300 
Mc/sec. Additional measurements at 3000 
Mc /sec show that the frequency of the acoustic 
resonance is unchanged when the microwave fre- 
quency is varied. This demonstrates that body 
resonances and propagation effects in the YIG 
are not involved. 
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It is of interest to inquire as to the mechanism 
of the excitation of this acoustic resonance. Mag- 
netostriction provides the coupling from the mag- 
netic spin system to the mechanically vibrating 
modes. There is good evidence that parametric 
amplification* is involved to enhance greatly the 
amount of effective coupling. When the micro- 
wave excitation is sufficient to overcome all 
losses, the system breaks into oscillation at 
frequencies defined by 


far fi=fp» (1) 


where tp is the microwave or pump frequency, 
fq is the acoustical frequency, and /; is the dif- 
ference. Measurements show that the dc field 
for acoustic resonance is the field required for 
uniform precessional resonance at /;. This is 
illustrated by Fig. 1. Thus, if the acoustic re- 
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FIG. 1. Magnetoacoustic mode of amplification is 
illustrated for a YIG sphere 0.0141 inches in diameter. 
The pump frequency fp is higher than the idler fre- 
quency by the frequency of acoustic resonance f;, . 
The field at which acoustic resonance is experiment- 
ally observed (for the lowest pumping power) is the 
field required for uniform precessional resonance at 
the idler frequency. 





sonance is regarded as the signal frequency, 

then the uniform precession (or a long-wavelength 
Walker mode) at f; acts as the idler. The am- 
plifier then has one magnetostatic mode and one 
acoustic mode of operation. 

In parametric amplification a fourth frequency 
is generated at ip +fq. The phase relations are 
such that fi) -fq signals are intensified, while 
those at ty 7 ta are diminished. In our case, 
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measurements with a spectrum analyzer show 
that the signal at fy- f, is 30 db larger than 
the signal at f, +f. 

We especially wish to thank M. T. Weiss and 
A. G. Fox for discussions of their work previous 
to publication; H. J. McSkimin for his acoustical 
measurements and discussions; J. H. Rowen and 
R. C. Fletcher for their encouragement and 
suggestions; and C. S. Porter of the Diamond 
Ordnance Fuze Laboratories for allowing us to 
use the same samples on which we have pre- 
viously reported. 





' An outwardly similar, but different, effect dis- 
covered earlier by M. T. Weiss is described in the 
preceding Letter | Phys. Rev. Lett. 1, 239 (1958)] . 

2 LeCraw, Spencer, and Porter, Phys. Rev. 110, 
1311 (1958). 

3H. J. McSkimin (to be published). 

‘H. Suhl, J. Appl. Phys. 28, 1225 (1957). 





DIFFUSION ALONG DISLOCATIONS” 


G. P. Williams, Jr.,) and L. Slifkin 


Department of Physics, 
University of North Carolina, 
Chapel Hill, North Carolina 
(Received September 10, 1958) 


Hart’ has pointed out that low-temperature 
diffusion measurements utilizing single crystals 
should produce values of D elevated a few per- 
cent by the effects of dislocations, while ex- 
hibiting normal penetration profiles. Indeed, 
Tomizuka® has recently re-analyzed earlier 
measurements of the diffusion of antimony in 
silver and has demonstrated the effects dis- 
cussed by Hart. From a somewhat different 
point of departure, experiments on the diffusion 
of rare earth tracers into silver and lead® have 
revealed anomalous penetration profiles, one 
feature of which is a structure-sensitive tail 
which appears even in single crystals diffused 
at temperatures near the melting point. Pre- 
sumably, this effect involves atomic mobility 
along dislocations, enhanced in this case by the 
very small bulk diffusion coefficients and solu- 
bilities of rare earths in these metals. It is of 
interest to inquire if similar dislocation effects 
could be demonstrated in “well-behaved” sys- 
tems. 

Accordingly, the following rather abnormal 
type of experiment was performed. Thin layers 
of Au'® were deposited on the ends of cylin- 
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FIG. 1. Penetration plots at three temperatures. 
For clarity, the upper curve has been shifted upward 
3 cycles and the lower curve downward 2 cycles. The 
statistically predicted counting errors are well within 
the diameter of the circles. 











drical single crystals of silver and diffusion 
measurements were made using the standard 
sectioning procedures, but with these modifica- 
tions: 

(a) greater activity, about 20 microcuries, 
was deposited on each specimen; 

(b) diffusion anneal times were so short that 
(Dt)2 was only about 10 microns; and 

(c) with a thin-window beta counter with a 
background of only 43 counts/min, the tracer 
concentration after diffusion was followed 
through a range of several million. 

The results obtained at three different tem- 
peratures are shown in Fig. 1. The diffusion 
coefficients calculated from the steep region 
agree with values obtained by conventional ex- 
periments‘ to within the rather large error im- 
posed by the very small penetration depth em- 
ployed here. At the lowest tracer concentra- 
tions, an unmistakable tail is apparent, being 
more pronounced the lower the diffusion tem- 
perature. It was not practical to follow this 
tail more deeply into the specimen than as 
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shown on the figure due to the combination of 
short half-life and low activities, requiring very 
long counting periods. It is highly unlikely that 
this tail is due to carry-over of activity from 
the active regions to the deep regions since the 
entire process was thoroughly monitored and 
extreme care was exercised in all operations to 
preclude this possibility; for example, in turn- 
ing the sides of the specimen, the tool motion 
was toward, rather than away from the active 
end, and the final turning operation was carried 
out with a file. It is also quite improbable that 
the tail is due to a trace of a faster diffusing 
radioactive impurity for the following reasons: 

(a) the tracer was initially deposited on the 
silver crystal by chemical displacement rather 
than by electrodeposition, making it unlikely 
that any but noble- metal impurities would be re- 
moved from the solution; 

(b) the type of radiation in the tail was quali- 
tatively similar to that of Au’™; and finally 

(c) the decay of the radioactivity in the tail 
was measured over two half-lives in one cut 
from each run and was found to be identical to 
that of Au”. 

It thus appears that these observations repre- 
sent a real effect. Since the specimens were 
single crystals, it is proposed that diffusion in 
dislocations has been observed directly. From 
the original tracer specific activity (20000 
mC/g when received) and the counting efficiency, 
one concludes that the atomic fraction of gold 
in the region of the tail is about 10°**. If there 
are 10° dislocations per cm’ then less than one 
atomic site in a thousand along the dislocations 
need be occupied by a gold atom to account for 
the observed activity in the tail. Also, it is 
interesting that the fluctuations shown in the 
figure are well beyond counting errors. This 
implies that there exists considerable variation 
in dislocation density throughout the specimen, 
even when averaged over distances of the order 
of 25 microns with a 1-cm? cross section. 





*supported in part by the U. S. Atomic Energy 
Caqmmission. 

Present address: Department of Physics, Wake 
Forest College, Winston-Salem, North Carolina. 

‘gE. W. Hart, Bull. Am. Phys. Soc. Ser. II, 2, 145 
(1957). 

*C. T. Tomizuka (to be published). 

3G. P. Williams, Jr., and L. Slifkin, Bull. Am. 
Phys. Soc. Ser. II, 3, 124 (1958). 

‘F, E. Jaumot, Jr., and A. Sawatzky, J. Appl. 
Phys. 27, 1186 (1956). 
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EVALUATION OF THE CONTRIBUTION OF 
THE UMKLAPP-PROCESSES TO THE 
ELECTRON-PHONON INTERACTION 


Pierre Morel” 


Ecole Normale Superieure, 
Paris, France 
(Reteived August 25, 1958) 


In a recent paper, Pines’ has computed the 
interaction parameter V introduced in Bardeen, 
Cooper, and Schrieffer’s theory of superconduc- 
tivity. This computation involves the average 
of a term 


I*?/\@/? (1) 


Tp! 


over all possible electronic transitions kk’. 
Here Jp,’ is the Fourier transform of the gra- 
dient of the electron-ion potential and is a func- 
tion of (k’ - k) only. q is the momentum of the 
phonon emitted or absorbed in this process: 


q=k'-k+K,, (2) 


where K,, is a vector of the reciprocal lattice. 
The domain of integration in computing the av- 
erage of (1) includes several nodes of the reci- 
procal lattice in the case of polyvalent metals: 
the contribution to V of the “Umklapp”- processes 
(K, # 0) is then very significant and even deci- 
sive in producing superconductivity, as pointed 
out by Pines.’ 

In spite of his approximation g = kp (maximum 
momentum of Debye) for all “Umklapp”-proc- 
esses, Pines’ computed values of V are in fair 
agreement with experiment. However, a more 
accurate treatment, using the exact g given by 
(2), greatly improves this agreement. 

As can be easily observed from (2), g ap- 
proaches zero when (k’-k) approaches any vec- 
tor of the reciprocal lattice; hence (1) goes to 
infinity in the vicinity of the nodes of the reci- 
procal lattice. Taking advantage of this situa- 
tion, it is possible to divide the domain of in- 
tegration D into an array of spheres surround- 
ing the poles of the integrand (1) and almost 
filling D. Within those spheres, the average of 
(1) can be computed accurately. We could then 
expect this method to yield a good approxima- 
tion to the contribution of the “Umklapp”-proc- 
esses to V. 

This method has been tested by computing the 
high-temperature conductivity of some nontran- 
sition metals using Pines’ matrix-element for 
the electron-ion interaction.’ The results were 
compared to experimental values compiled by 
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Table I. Computed and measured values of the high-temperature resistivity of some 


normal metals. 





Metals Na Rb Mg Zn 


Cd Hg Al In Tl Sn Pb 





Computed 4.34 12.5 6.2 3.3 


Experimental 


5.3 $.4 2.2) 7.4 6.2.. 45 3&5 
4.27 11.6 3.94 5.45 6.73 21.2 2.5 8.2 15 10.1 19.3 





Table II. Experimental values of N(0)V compared to the computed values. 








Metals Zn Cd Hg Al 


In Tl Sn Pb Na Rb Mg 





(a) -0.07 -0.05 -0.05 -0.014 
(b) 0.17 0.18 0.39 0.26 
Experimental 0.175 0.16 0.38 0.175 


0.37 0.48 
0.19 0.30 


0.024 0.03 0.08 0.096 0.2 0.2 0.3 
0.49 0.67 0.66 -0. 05 0 0.3 
0.28 0.29 0.41 <0 <0 <0 





(a) Using Pines’ Eq. (21) (reference 1). 
(b) Using the present method. 


Gerritsen® (Table I). The parameter M0) V of 
the BCS theory was then computed using Pines’ 
matrix elements for V and the experimental 
values of the density of states N(0) derived from 
low-temperature electronic heat capacity meas- 
urements. In Table II the results are compared 
to Pines’ data and to experimental values com- 
puted with the aid of BCS equation: 


1 
KT = 1.14 (Rw) ,, exp(- ngyp)- (3) 


‘ The agreement observed allows us to draw the 
following conclusions: 

(a) The contribution of the “Umklapp”-proc- 
esses to the phenomena involving electron- 
phonon interaction, computed by our scheme, is 
found to be much larger than that of the normal 
processes (90 to 98% of the total). Hency any 
quantitative treatment of such phenomena should 
take these processes into account as accurately 
as possible. 

(b) The electron-phonon interaction depends 
significantly upon the structure. This depend- 
ence is brought about by the “Umklapp”-proc- 
esses. 


Table III. Computed and measured pressure effects. 





Metals Hg In Tl Sn Pb 





Aoglq computed 19 19 38.1 8.8 4.2 
dlogrs 


i measured 6.1 ‘ -4.7 20 9.5 
logy, 








(c) Furthermore in the case of the BCS theory 
of superconductivity, the density N(0) which ap- 
pears in Eq. (3) is strongly dependent upon the 
structure. In investigating the pressure effect 
on 7, with the aid of our computed expression 
for M(0)V, it is found that the main effect is due 
to the variation of M(0). As the density of states 
is a very complicated function of the energy, 
the slightest change of the crystal (isotropic 
pressure, stresses,...) can produce a drastic 
change of M(0). Even the sign of the pressure 
effect may vary from one sample to another. 
This could account for the discrepancy between 
the computed and observed pressure effect 
(Table Il). The experimental values in this 
table are quoted from Olsen and Rohrer.‘ Ex- 
perimental data are also used in the derivation 
of dlogT,,/dlogr;, namely the parameter 
dlogN(0) dlogr,, deduced from Olsen and Rohrer 
measurements. 

The details of these calculations will be sub- 
mitted for publication in the International 
Journal of the Physics and Chemistry of Solids. 

I wish to thank Professor D. Pines for having 
suggested the subject of this study and for the 
many valuable discussions we have had. 








*Now at the French Embassy in New York. 

1D, Pines, Phys. Rev. 109, 280 (1958). 

*Bardeen, Cooper, and Schrieffer, Phys. Rev. 108, 
1175 (1957). Be 

3A. N. Gerritsen, in Handbuch der Physik (Springer- 
Verlag, Berlin, 1956), Vol. 19, p. 137. 

‘J. L. Olsen and H. Rohrer, Helv. Phys. Acta 30, 
49 (1957). cia 
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STRONG INTERACTIONS AND 
ASSOCIATED PRODUCTION 


Charles Warner, II 
Harvard University, Cambridge, Massachusetts 
(Received March 3, 1958) 


The concept of a hierarchy of strong inter- 
actions’ allows a number of possiblities for the 
particular interaction Lagrangian. We have in- 
vestigated the production processes for AK°, 
=°K°, D"K*, and = *K* from 7-N collisions in 
hope of reducing the possible choices. One poss- 
ible Lagrangian is 


v By,tvy 


(041) (01) 7 


L=4g,iiBy,Tvd 10, +38 


7 int 


*8 xp Ox ¥0 5, UY ~8x> it, Blys, 1) ds. (1) 


a 
2 
If gyi =28rint> the 7 interactions maintain the 
heavy-fermion mass degeneracy. If also gy, 

= gy, the heavy-fermion mass degeneracy is 

not destroyed at all. 

We assume that there exists an effective La- 
grangian of the above form but with effective 
coupling constants (G,~, Gy int) Gyxy, and 
GnyK aA), and that calculations with this inter - 
action in lowest order relativistic perturbation 
theory will approximate a calculation to all orders 
with the correct Lagrangian. There are stilla 
number of Lagrangians with = interactions not 
represented by (1), but which coincide with (1) 
if the = interactions are dropped. 

The angular distributions were calculated for 
n=5 (n equals the c.m. momentum of the pion in 
units of m_c), with and without the y, in the K 
interactions, and for various real values of the 
coupling constants.* The results in closest 
agreement with experiment*™® are shown in Fig. 

1, and correspond to the following ratios: 


r=G, int/GaNn - -0.60, 
r’=Guxy/GnxK a =0-80 (ys in K ints.); 


ry =0.60, r’= 0.80 (no y, in K ints.). 


With this choice of coupling constants, the ex- 
perimentally observed preferential forward pro- 
duction of the K° particles and the preferential 
backward production of the K* particles is re- 
produced. 

Only by a strong interference of the two vir- 
tual processes occurring in lowest order is the 
forward production of the neutral K particles 
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FIG. 1. Center-of-mass angular distributions 
(x+N--Y+K) for pions of 1. 3-Bev kinetic energy. These 
distributions were calculated with a Ys in the K in- 
teractions. Very similar distributions result from 
calculations with no ys; in the K interactions. The 
distributions are normalized to unity: {f(cos@d(cosé) 
=1, The experimental data’ are based on 213 AK® 
events at 1.1, 1.2, and 1.3 Bev, and 95 2K events 
at 1.2 and 1.3 Bev. 


obtained. The K°A distribution requires -0.6 
<rr’< -0.4; and the K°L° distribution, -0.6 <r 
<-0.4. It is thus found that r’= The corre- 
sponding assumption gx ,=gK> in (1) implies to 
all orders 


do(=*K*)/d2 0, 
do(="K *) /dQ =2do (°K) /dQ = 2do( AK°)/dQ. (2) 


The breakdown of the A-2 degeneracy within 
the framework of an exact theory is reflected in 
the choice rv’ =0.80 for the effective Lagrang- 
ian. With vr’ =0.80, the =*K* total cross section 
is of the same magnitude as the AK®, D°K°, and 
©"K* total cross sections which are suppressed 
by the approximate cancellation of the strongly 
interfering virtual processes. The results are 


°AK™ 5K? o-KH otKt 
= 1:0.25:0.54:0.23(y, in K ints.) 
=1:0.21:0.52:0.31(no y, in K ints.) 


As to the magnitude of the effective coupling 
constants, if o,¢°=0.3 mb and Gzy*/4n=15, 
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then Gyy =13.7; Gz int =8-2; GNKA =2.3; Guxy 
= 1.8(y, in K ints.), Gay = 13.7; Gy int = 8.2; 
GNnKA = 2.2; Guy = 1.8 (no y, in K ints.). 

If the calculated results for the relative sign 
Of Gry to Gz int and Gyxa to Gyxy can be 
carried over to the g-coupling constants, the 
heavy-fermion mass degeneracy must be broken 
by the ZK (A, =) interactions. Possible Lagrang- 
ians are 


L= 2g gl Og¥i Bs TY 2 -Oqho, » Ars Tos} 
+9K {OL VAL ¥9(1 +L5v)/2 +(1-o5r)/2)a 
~b1 1TH, Blrg(1+ by v)/2 -(1 - £5 v)/2] 3} 
(y, in K ints.). (3) 


The y, multiplies (1-£, v)/2 instead of (1+£,v) / 
2 for the case of “no y, in K ints.” Another K 
interaction, 


LK = 8KO4 (Yo -itf,vy,) B( Ys> 1) vi ’ 


with the 7 interaction of (3) also splits the 
masses. 

It must be mentioned that lowest order per- 
turbation theory is unable to account for any 
polarization of the A hyperon if the effective 
coupling constants are assumed real.” ® 





1 J. Schwinger, Ann. Phys. 2, 407 (1957). 

? See reference 1 for notation. 

3 Similar work was done by T. Ogimoto and T. 
Shimizu, Progr. Theoret. Phys. Japan 18, 213 (1957). 

‘ Budde, Chretien, Leitner, Samios, Schwartz, and 
Steinberger, Phys. Rev. 103, 1827 (1956). 

5 Brown, Glaser, Meyer, Paul, Vander Velde, and 
Cronin, Phys. Rev. 107, 906 (1957). 

® F. Eisler et al., Conference on Elementary Par- 
ticles, Venice, September, 1957, (unpublished). 

' F. S. Crawford et al., Phys. Rev. 108, 1102 
(1957). , 

* F. Eisler et al., Phys. Rev. 108, 1353 (1957). 





ELECTRON DECAY OF THE PION 


T. Fazzini, G. Fidecaro, A. W. Merrison, 
H. Paul, and A. V. Tollestrup* 


CERN, Geneva, Switzerland 
(Received September 12, 1958) 


It was predicted some years ago by Ruderman 
and Finkelstein’ that if the decay of the pion into 
an electron and a neutrino goes through an axial 
vector interaction, then it should occur at a rate 
1.3 x10~* of the normal decay into a muon and a 


neutrino. This conclusion has not been changed 
in the light of recent work on the nonconserva- 
tion of parity in weak interactions.” However, 
experiments by Lokanathan and Steinberger® and 
by Anderson and Lattes* failed to show the ex- 
istence of the electron mode of decay. Interest 
has been revived in a search for this decay by 
the evidence for the validity of a universal 
Fermi interaction, which, with the single ex- 
ception of the 7-e decay, is good.® Theoretical 
attempts to remove this discrepancy have been 
made by a number of authors.°® 

The experiment is made difficult by the pres- 
ence of a large background of electrons from the 
m- U-e chain of decay. However, these electrons 
can be distinguished in three ways. Firstly, 
they have a continuous spectrum with a maximum 
kinetic energy of 52.3 Mev, compared with the 
line spectrum of electrons from 1-e decay of 
69.3 Mev. Secondly, the 7-e electrons should 
show a simple exponential decay with the mean 
life identical to that of the 7- u decay, while the 
m- -e electron time distribution would show a 
two-stage radioactive decay, with a fast rise 
(approx. 7-4 mean life) and a slow fall (approx. 
ui-e mean life). Lastly, three charged particles 
can be seen in the 7-u.-e chain, while only two 
are shown in the 7-e decay. 

We have used, like Lokanathan and Steinberger,° 
a range telescope to search for the high energy 
m-e electron. The apparatus is shown in Fig. 1. 
Pions from the CERN 600-Mev synchrocyclotron 
are incident upon the counter telescope 1234 and 
stopped in counter 3. The electron telescope is 
formed of counters 5-12 in fast coincidence, 
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FIG. 1. Experimental layout, and (inset) typical 
m-p-e and 1-€ pulse. 
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with various amounts of high-density graphite 
inserted between the counters. These two tele- 
scopes are in coincidence so that all 5-12 coin- 
cidences which occur between 60 musec before 
and 160 musec after a stopped pion in the 1234 
telescope are counted. If such a coincidence 
occurs, the pulses appearing in counter 3 and in 
counter 12 are photographed with a fast (~2000 
Mc ec) travelling-wave oscilloscope. Figure 1 
(inset) shows two typical events corresponding 
to a m-u-e and a m-e decay. There is a fixed 
delay between the e(3) pulse and the e(12) pulse. 
In this way all the time information associated 
with the decaying pion is recorded. At the same 
time we recorded on a slow oscilloscope the 
pulses from a large sodium iodide crystal back- 


ing the range telescope. 
The events which we saw on the fast oscillo- 


scope could be classified into various categories: 


(1) m-u-e (see Fig. 1). 

(2) m-e (see Fig. 1). Included in this cate- 
gory will be false “x-e” events, where we could 
not resolve the muon pulse. 

(3) Prompt coincidences between the two fast 
telescopes. 1-e events where the electron ap- 
peared very close to the pion are included here. 

(4) Randoms, i.e., events which have an im- 
proper time distribution; among them, for ex- 
ample, events where e(3) comes before the pion 
pulse. 

The fraction of 7-u-e events where we could 
not resolve the muon was obtained from runs 
with no absorber in the electron telescope, 
where the number of genuine 7-e events was 
negligible, and was about 0.23 of the total de- 
tected 7-u-e events. Figure 2 shows the elec- 
tron range curves we obtained with different 
thicknesses of absorber. The 7-y-e and 7-e 
events were selected directly from the film, and 
both curves are normalized to the same number 
of stopped pions. The 7-y-e curve shown does 
not, of course, represent the background in the 
experiment, because only the false “r-e” events 
provide a background there. It can be seen from 
the 7-e range curve that within the errors the 
number of 7-e events does not fall with increas- 
ing absorber thickness. The end-point of the 
u-electron spectrum shown in Fig. 2 has been 
calculated using the (dE/dx) for positrons given 
by Rossi,” corrected according to Sternheimer’s 
calculation of the density effect.® 

From the runs with absorber thicknesses of 
30, 31, 32, and 34 g/cm? we obtained 40 7-e 
events in which the pion decayed later than 8.3 
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musec, from a total of 124 photographs. The 
rest of the events were made up of 16 m-y-e, 27 
prompt and 41 accidentals. At the maximum 
absorber thickness we had a total of 17 events; 
of these 8 were z-e, 7 prompt, 2 accidentals, 
and we observed no 7-u-e event. In the 40 z-e 
events there were 16 <0.23 = 4 false 7-e events. 

An integral decay curve of the 40 7-e events is 
shown in Fig. 3(a). The straight line corresponds 
to the 7-u mean life given by Crowe.® The mean 
life calculated from these events, after subrac- 
tion of background, is 


Tz-¢@* 22 +4 musec. 


From the runs with no absorber we selected 
the false 7-e events and an integral decay curve 
for these events is also shown in Fig. 3(a). It 
can be seen that this distribution is linear in 
time and is quite different from the exponential 
distribution of the true 7-e events. A further 
check on these results is an integral decay curve 
for the 7-u decay from the 7-y-e events corrected 
for the resolution time between the two tele- 
scopes. This is shown in Fig. 3(b). 
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FIG. 2. Range curves for the 7-y-€ and r-e events. 
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and false "'7-e"'. (b) Integral decay curve for the 7-p 
decay. The straight lines shown correspond to the 
m-p mean life given by Crowe. ® 


We also observed that in the sodium iodide 
crystal there was in general no pulse, or at most 
a very small pulse, associated with each 7-L-e 
event. On the other hand, most of the pulses 
associated with 7-e events were large. We did 
not make any systematic use of this information, 
as the number of 7-e events seen in each ab- 
sorber run was too small. 

The above results seem good evidence for the 
existence of the electron decay mode of the pion. 
We have not so far determined experimentally 
the efficiency and effective solid angle of the 
electron telescope. If we assume the merely 
‘geometric solid angle of 0.8% of 47 and an effi- 
ciency of 100% we get as a lower limit for the 
branching ratio 


m=-e+V 
T>U+V 


>4x10°°, 


This number has been calculated from our 40 
events, from which we have subtracted 4 events 
for the false “x-e” events which must be there, 
and we have added 37% for the early 7-e decays 
occurring in the first 8.3 musec. The correc- 
tion for accidentals was evaluated from the 
number of events which show on the fast scope 
as time inverted 7-e decays (e-7 events). This 
correction turned out to be zero. 

This value for the branching ratio must be 
considered as a lower limit because we know 
that a large correction must be made for the 
efficiency of-the telescope. To give an idea of 
the order of magnitude of this correction, we 
recall that Lokanathan and Steinberger® calcu- 
lated an efficiency of 50% for their telescope 
which was similar to ours. As a conclusion we 
can say that the value we obtain for the branch- 


(a) Integral decay curves for the 7-€ events, 


ing ratio is not in disagreement with that pre- 
dicted by Ruderman and Finkelstein.’ The ex- 
periment is still in progress and we hope soon 
to have a more accurate numerical result. 

We should like to thank Professor G. Bernar- 
dini for many discussions and his continuous 
encouragement. Mr. M. Fell and Mr. M. Renevey 
built most of the apparatus with great skill and 
care, and Mr. F. Blythe was responsible for all 
the drawing work involved. We should like to 
thank Mr. O. Fredriksson and the members of 
the cyclotron crew for their efficient and help- 
ful running of the machine. Dr. I. Halpern aided 
us considerably in the running of the experiment. 
In particular, we should like to than Dr. J. Ash- 
kin for his friendly collaboration in the later 
stages of this experiment. 
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8 DECAY OF THE PION* 


G. Impeduglia, R. Plano, A. Prodell, 
N. Samios, M. Schwartz, and J. Steinberger 
Columbia University, 
New York, New York 
(Received September 15, 1958) 


The electron-neutrino decay mode of the pion 
has been the object of several unsuccessful 
searches.' * The latest and most sensitive of 
these® puts an upper limit of about 10° for the 
relative frequency of this process. 

On the other hand, there has recently been 
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spectacular progress in the understanding of 
nuclear 8 decay and of u decay in terms of a 
“universal” V-A theory.*~® It has been empha- 
sized, especially by Feynman,’ that in a univer- 
sal V-A theory the ratio of pion 8 decay to u de- 
cay should be 1/8000, and that deviations from 
this value are difficult and awkward to accommo- 
date theoretically. 

There is, therefore, considerable interest in 
the announcement of the CERN group’ that posi- 
tive evidence for the 7-e decay in the theoreti- 
cally expected order of magnitude has been 
found. In view of the disagreement between 
these results and those of Anderson and Lattes,* 
there may be some interest in the progress of 
our experiment on this decay. 

A liquid H, bubble chamber 12 in. diameter, 

6 in. deep in a field of 8800 gauss was exposed 
to slow 7* mesons. On the average, 10 mesons 
stop per picture. We look for events in which 
the stopped meson emits a minimum - ionizing 
secondary with no visible intermediate 4 meson; 
and we measure the secondary momentum. One- 
fortieth of the stopping events are of this type 
and are chiefly examples of u-e decay. Separa- 





FIG. 1. Reproduction of the 1r-e decay with longest 
electron track. The event is marked "A". An ex- 
ample of the more common 1-y1-€ sequence is labeled 
"B", 
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tion of the 7-e from these u-e is achieved by 
means of the momentum measurement; the yu 
spectrum extends to a maximum energy of 53 
Mev/c, and the electron from 1-e decay must 
have 70 Mev/c. The error of momentum meas- 
urement, including multiple scattering error 
and possible distortion in the liquid, is about 
3%. 

To the present, we have analyzed an effective 
sample of 65000 meson decays and have found 6 
clear examples of 1-e decay. One of these is 
reproduced in Fig. 1. 

We wish to examine here the possibility that 
these events have some other origin. We begin 
with the possibility that they are really y-e de- 
cays with electrons of abnormally large meas- 


urement error. To answer this question the ob- 
served energy spectrum of all 1766 measured 
events is reproduced in Fig. 2. We have drawn 
in the theoretical curve for p = 0.75 with the 
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FIG. 2. Histogram of the momenta of the second- 
aries of all events in which the incoming stopping 
track apparently decays directly into an electron. 
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3% resolution folded in. It is clear that the tail 
of the » spectrum follows very closely, and the 
probability for finding an event in the 7-e region 
is very small. This is further demonstrated in 
Fig. 3. Figure 3 exhibits the spectrum of 3000 
events measured for the purpose of a p-value 
determination. They are events with the normal 
1-ul-e sequence (see Fig. 3), and therefore, no 
m-e decays are expected. The fact that no high- 
energy events are found in this larger sample 
demonstrates that the -e contamination in the 
high-energy region is negligible. 

We have also considered the possibility that 
the events are decays in flight of 4 mesons, or 
perhaps 7-u decays in flight. These possibili- 
ties can be ruled out on kinematic grounds for 
each of the 6 events. We conclude that each 
event is a clear example of 7-e decay. 

The average energy for the 6 events is 72.9+1.5 
Mev. This is higher than the expected energy of 
69.8 Mev. We have taken great care in the sys- 
tematics of the energy measurement and are 
quite certain that this cannot be the cause. We 
are perplexed by the discrepancy and tentatively 
ascribe it to a statistical fluctuation in the 


measurement errors. 
The relative rate of 7-e decay is 6/65 000 or 


1/10 800 +40%. This is unfortunately statistically 
poor, but serves to indicate that the decay is at 
least roughly as expected theoretically. 

The method does not yield a precise measure- 
ment of the branching ratio and cannot reason- 
ably be extended to do so. However, the re- 
sults here offer a very convincing proof of the 
existence of this decay mode, and show that the 
relative rate is close to that expected theoreti- 
cally. 
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NEUTRON THRESHOLD MEASUREMENTS 
USING THE CHALK RIVER TANDEM 
VAN DE GRAAFF ACCELERATOR® 


H. E. Gove, J. A. Kuehner, A. E. Litherland, 
E. Almgqvist, D. A. Bromley, 
and A. J. Ferguson 


Atomic Energy of Canada Limited, 
Chalk River, Canada 


and 


P. H. Rose, R. P. Bastide, N. Brooks, 
and R. J. Connor 
High Voltage Engineering Corporation, 
Burlington, Massachusetts 
(Received September 2, 1958) 


As part of the program to test the operating 
characteristics of the first Tandem Van de Graaff 
accelerator,’ a number of neutron threshold 
measurements were made in the proton energy 
range from 1.8 to 10.5 Mev. Three of these, 
P*!(p,n), Ni®(p,m), and Ni®*(p,), all above 6.4 
Mev, had not been measured previously. Over 
the complete energy range proton beams of 0.5 
microampere or greater were available and the 
accelerator operated in a stable and reproducible 
fashion. 

A momentum calibration of the 90° energy 
analyzing magnet was obtained by measuring a 
number of well known neutron thresholds using 
the conventional counter ratio technique’ The 
two neutron detectors were enriched B’° loaded 
scintillators’ optically coupled by Lucite light 
pipes to 3 in. diameter photomultipliers. A 
cylinder of paraffin of suitable geometry sur- 
rounded the second detector to ensure uniform 
response to fast neutrons. 

In a series of measurements carried out prior 
to final accelerator adjustments, the Li’(p, n), 
Cu®*(p,), B“ (p,m), and Al?"(p, n) thresholds* 
were used to calibrate the magnet momentum 
scale. With this calibration, thresholds for the 
P*'(p,n) and Ni®°(p, m) reactions were measured. 

The first three lines of Table I list the (p, n) 
reactions used to calibrate the magnet in a 
second series of measurements carried out 
under improved operating conditions. To cali- 
brate the magnet for particle momenta equiva- 
lent to higher proton energies, oxygen gas was 
supplied to the ion source. The threshold for 
the reaction H*(O"*, n)F*’ was observed by bom- 
barding a deuterated zirconium target with O'* 
ions of charge +4 and +5. This threshold was 
computed to be 14.750 + 0.024 Mev using the 
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Table I. Threshold measurements for Nip, ») and Ni**(p, 2) using the relationship 
given below between particle energy and proton resonance frequency of the 90° ana- 
lyzing magnet field. In the equation g is the number of electrons the neutral particle 
has lost and M is the ion mass in amu. 





Proton resonance 
frequency f (Mc/sec) 


Threshold energy 


Reaction E (Mev) kx 10 





3.015 + 0.003 12.322 + 0.003 2004 + 


Bp, 7) 2 
Na**(p, ») 5.061 + 0.007 4 
AP"(p,n) 5.798 + 0.005 17.080 + 0.010 2009 + 4 
5 
6 
2 


15.950 + 0.020 2010 + 


14.570 + 0.024 21.555 . 020 2008 
14.570 + 0.024 26.940 . 020 2008 + 


#(0,,'°,) 

HYO, 16, m) 
Average 2008 + 

kx 10 


= 2008 + 2 


Ni®(p, 2) 7.028 + 0.020 18. 010 
(assumed) 


Ni°,n) 9.459 + 0.070 21. . 080 
E(1 + E/2Mc* = kf’ /M 





value of 1.836 +0.003 Mev for the O'*(d ) thresh- 
old* and the masses of Mattauch et al.° The 
equation relating ion kinetic energy and the fre- 
quency of a proton resonance probe used to 
measure the field of the 90° magnet is given in 
Table I. The charge-four and -five O** beams 
provided magnet calibrations near 14.47- and 
9.33-Mev equivalent proton energies, respec - 
tively, and the experimental results are shown 
in Fig. 1. 

Because of the large center-of-mass energy, 
neutrons in this reaction are emitted at thresh- 
old with an energy of about 700 kev in a narrow 
forward cone whose half angle is only 7° at 100 
kev above threshold. The fast-neutron detector 
alone was used at 0° at two different distances. 
Near threshold the counting rates are nearly 
equal at the two distances. As the energy above 
threshold increases, the counts detected at the 
larger distance diminish because the counter no 
longer includes the whole cone. It has been 
suggested that the background below threshold 
could possibly be due to the H*(d, ) He® reaction 
initiated by knock-on deuterons produced by the 
incident O** ions.*® 

As can be seen from Table I, the magnet con- 
stant & shows no indication of a variation with 
proton energy between 3 and 14 Mev. The listed 
errors for each value of k arise from the com- 
bined uncertainty in the threshold energy* and 
the uncertainty in estimating the frequency at 
which the threshold occurs. 

A typical run for the Al*"(p, m) reaction using 
a thin aluminum target evaporated on a bismuth 
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backing is shown in Fig. 2. The aluminum target 
thickness was 6.5 kev for 6-Mev protons. The 
structure observed is due to resonances in Si*® 
since, in analogy to Al’, it is unlikely that there 
are any excited states in Si*” below 0.5 Mev 
which could give rise to additional neutron 
thresholds. Four of the observed resonances 
have widths of approximately 25 kev. They 
correspond to levels in Si?* 17.5 Mev above the 
ground state and are unstable to proton, neu- 
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FIG. 1. Thick-target threshold measurements for 
the H (0°, n)F*" reaction using o'* atoms with 5 elec- 
trons removed (left-hand curves) and 4 electrons re- 
moved (right-hand curve). The fast-neutron yield for 
a detector at 0 is plotted both against the frequency 
of the proton resonance used to measure the field of 
the 90° analyzer magnet and against 0 ion energy. 

In both cases the measurements were made with the 
detector at two distances from the target. 
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FIG. 2. A typical thin-target threshold measure- 
ment for AF” (p,m). The target was 6.5 kev thick for 
6-Mev protons. The lower curve through the crosses 
represents background using a bismuth backing alone. 
Both proton energy and proton resonance frequency 
label the abscissa. The ordinate shows counts in the 
slow-neutron detector. 


tron, and alpha particle emission. Background 
runs on a similar bismuth backing were taken 
and the results are also shown in Fig. 2. Com- 
parison of this excitation curve with previous 
cyclotron measurements” shows the fine struc- 
ture which can be resolved using the lower beam- 
energy spread available from the tandem accel- 
erator. 

Thick-target neutron yields for sintered NiO 
targets® are shown in Fig. 3. Here both the 
counts in the slow-neutron detector and the ratio 
of these to the counts in the fast-neutron detec - 
tor are plotted as functions of proton energy. In 
both cases a large neutron background is ob- 
served below threshold, probably from beam 
striking the magnet slits and perhaps the frame 
holding the small sintered target. Careful fo- 
cussing of the beam was required as the energy 
was varied, particularly for the Ni°*(p, m) meas- 
urement to minimize such background. The 
threshold energies obtained in this second series 
of experiments are given in Table I. In the 
first series of measurements, the threshold 
energies obtained for the P**(p,m) and the Ni®°(p,n) 
reactions were 6.417 +0.020 Mev and 7.012 
+0.030, respectively. The two results for 
Ni®°(p, m) agree to within the quoted errors. The 
higher value was determined under better ex- 
perimental conditions and is probably the more 
reliable. 

Measurements® of the positron decay of Cu 
give a threshold for the Ni®°(p,m) reaction in the 


165 166 167 168 169 120 


2.5 220 225 230 
: 








Ee ee eee 








a5 100 05 
PROTON ENERGY IN Mev 

FIG. 3. Thick-target threshold measurements for 
Ni®(p,m) and Ni®%p,m). Both the yield of slow neu- 
trons and the ratio of counts in the slow-neutron de- 
tector to those in the fast neutron detector (both at 
0 to the beam) are plotted against proton energy and 
the frequency of the proton resonance. 


range from 7.04 to 7.17 Mev. The higher energy 
positron decay of Cu®® is much less accurately 
known*® and the threshold for the Ni*®(p, ) re- 
action derived from the measurement is in the 
vicinity of 9.2 Mev. Positron decay measure- 
ments*’ of S*' yield a value for the threshold of 
the P*"(p,) reaction of 6.50+0.10 Mev. 
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SIGN OF THE GRAVITATIONAL MASS 
OF A POSITRON 


L. I. Schiff 
Stanford University, 
Stanford, California 

(Received September 2, 1958) 


It has been suggested recently by several phys- 
icists' that an antiparticle may have the opposite 
sign of gravitational mass from its correspond- 
ing particle. The purpose of the present note is 
to point out that this sign can be determined ex- 
perimentally in the case of a positron by refer- 
ence to the well known work of Eétvés.? In these 
experiments the ratio of gravitational to inertial 
mass was measured for several substances, and 
the attempt made to detect differences in this 
ratio between one substance and another. No 
definite evidence for such differences was found. 
In several cases, the uncertainties in the frac- 
tional differences of the ratios were less than 
one part in 10°. 

The Coulomb field of an atom polarizes the 
vacuum and produces virtual electron- positron 
pairs. The reality of this effect is attested to by 
its contribution of -27 Mc/sec to the Lamb shift, 
and the agreement between theory and experi- 
ment within 3 Mc/sec.* The virtual positrons 
contribute to the gravitational energy of the atom 
in the field of, say, the earth. The lowest order 
in which this contribution appears is first order 
in the gravitational potential, and second order 
in the atomic electrostatic potential. Three 
cases, which correspond to different assump- 
tions concerning the effect of gravity on a posi- 
tron, are considered in this note. (1) A posi- 
tron behaves in the same way as an electron. 

(2) The gravitational rest mass of a positron is 
equal to and opposite in sign from that of an 
electron, but its kinetic energy is acted on nor- 
mally by a gravitational field. (3) Both the rest 
mass and kinetic energy of a positron have equal 
and opposite gravitational sign from those of an 
electron. 

Case (1) corresponds to the equivalence prin- 
ciple. As would be expected, the gravitational 
mass of the atom, including virtual pairs, is 
found to be equal to 1/c* times the total energy 
of the atom, which is the inertial mass. The 
pair contribution diverges, and must be included 
as part of the renormalization of the atomic 
mass. In case (2), the difference between the 
gravitational mass and the renormalized atomic 
(inertial) mass is finite. As might be expected, 
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the gravitational mass is the smaller, and by an 
amount of order m(Z/137)*, where m is the elec- 
tronic mass and Z the atomic number. This 
case is discussed in more detail below. In case 
(3), the difference between the two masses di- 
verges logarithmically, and is indeed just equal 
to the pair contribution to the atomic mass. 
With a reasonable cutoff, the mass difference 
here is much larger than in case (2). 

A straightforward calculation leads to the 
following expression as a good approximation 
for the mass difference in case (2): 


oo 
(3/8adm(z ASIP |F(q) Pag@+4i2)?. (1) 
0 

Here, . = mc/h, and F(q) is the Fourier trans- 
form or form factor for the nuclear charge dis- 
tribution, normalized to unit total charge [i.e., 
F(0) = 1]. For a rough computation, we may 
assume that F(g)= 1 for g< R™', and F{q)=0 
for q> R™*. Then the integral in Eq. (1) is 
roughly equal to ln(f/mcR). 

Among other substances, Edtvés and his col- 
laborators compared magnalium (90% Al, 10% 
Mg), Cu, and Pt. The fractional differences of 
the ratios of gravitational to inertial mass were 
somewhat greater than the probable errors 
quoted, but did not exceed $ part in 10°. In com- 
parison, the ratio of Eq. (1) to the atomic mass, 
in units of 10-°, is equal to 10, 20, and 43, 
respectively, for Al, Cu, and Pt. Thus on the 
basis of case (2), we would expect fractional 
differences of the ratios of 10, 23, and 33 parts 
in 10°, respectively, for Al-Cu, Cu-Pt, and Al- 
Pt. As pointed out above, these numbers would 
be even larger in case (3). 

We therefore conclude that the Eétvés experi- 
ment precludes the possibility that the gravita- 
tional mass of a positron is equal to and oppo- 
site in sign from that of an electron. A full ac- 
count of this work, and a discussion of related 
questions, will be published elsewhere. 





*Supported in part by the U. S. Air Force through 
the Air Force Office of Scientific Research. 

‘Most of these suggestions are unpublished; see, 
however, D. Matz and F. A. Kaempffer, Bull. Am. 
Phys. Soc. Ser. Il, 3, 317 (1958). We refer in this 
note entirely to what H. Bondi [Revs. Modern Phys. 
29, 423 (1957)] calls the passive gravitational mass. 

?For a summary of these experiments see Edtvis, 
Pekar, and Fekete, Ann. Physik 68, 11 (1922). 

3See for example Schweber, Bethe, and de Hoffmann, 
Mesons and Fields (Row, Peterson and Company, 
Evanston, 1955), Vol. 1, p. 299. This places the 
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positron computation of this note on a much firmer 
basis than a similar computation for an antinucleon, 
which would presumably give a much larger effect. 

4In actuality, screening of the nuclear charge by the 
atomic electrons will cause F(q) to decrease from 1 
to 0 as q decreases from the reciprocal atomic radius 
to zero; this has a negligible effect on the value of the 
integral in Eq. (1). 





EXPERIMENTAL TEST OF TIME-REVERSAL 
INVARIANCE IN STRONG INTERACTIONS 


A. Abashian and E. M. Hafner 
University of Rochester, 
Rochester, New York 
(Received August 18, 1958) 


A comparison of the polarization (P) and the 
asymmetry (A) in the scattering of protons by 
nuclei can be used as a test of invariance under 
Wigner time reversal in the nuclear interaction. 
The target nucleus cannot be chosen arbitrarily 
for a significant test; for example, if the nucleus 
has zero spin, time-reversal invariance has no 
bearing on the equality of Pand A. Bell and 
Mandl! have considered the case in which the 
target nucleus has spin 1/2. They show that in- 
variance under time reversal and spatial rota- 
tion constitutes a necessary and sufficient con- 
dition for equality of Pand A. In the case of 
p-p scattering, they further deduce a relation- 
ship that gives a lower limit to the magnitude 
of the T-noninvariant term of the scattering mat- 
rix, when one knows |P-A|, the differential 
cross section, and a certain combination of the 
invariant amplitudes. Finally, Phillips? has 
shown that, if the first four partial waves are 
sufficient to describe p-p scattering, the T- 
noninvariant term can be specified by one real 
parameter that is directly related to |P-Al. 

The first experimental evidence on this point 
can be found in the original p-p polarization 
measurements of Oxley.* In the course of the 
experiment, asymmetries in double scattering 
were obtained for a first target of carbon and a 
second target of hydrogen, as well as for the 
targets in opposite sequence. On the assump- 
tion that P=A for the carbon scattering, one 
observes that the former measurement gives A 
and the latter P for the hydrogen scattering. 
From Oxley’s results, one finds that P- A 
=0.01+0.06, and can conclude that the 7-non - 
invariant term is not large at the angle and 
energy of the measurement. 

Recently, Hillman‘ and collaborators have 


reported a more precise determination of the 
hydrogen polarization. At 180 Mev and at 30.9 
degrees center of mass, they obtain P =0.264 

+ 0.014; they compare this with A =0.257+0.018, 
deduced for their energy from an interpolation 
of existing data. 

We have independently measured P and A in 
p-p scattering at 210 Mev and 30 degrees center 
of mass. Our procedure was again essentially 
that of Oxley and of Hillman. A liquid hydrogen 
target of thickness 0.8 g/cm* was used, and we 
employed carbon both as the polarizer in the A 
measurement and as the analyzer in the P meas- 
urement. The incident unpolarized beam in the 
P measurement was degraded with CH, so as to 
have the same energy at the center of the hydro- 
gen target as the polarized beam had in the A 
measurement. The detection geometry after 
second scattering was the same in both measure- 
ments, a precaution that tended to reduce sys- 
tematic errors associated with finite solid angle. 
The analyzing power of the carbon target for the 
energy at which it scattered in the P experiment 
was separately determined by a double-scatter- 
ing experiment in which both targets were carbon 
and the first-scattered beam was degraded to the 
appropriate energy. The polarizing power of the 
carbon target in the A measurement is well 
known from previous work at this laboratory. 

As a result of these measurements, we obtain 
A=0.308+0.005 and P=0.279+0.017, the latter 
being the average of data taken at two scattering 
angles in the analyzer. The errors are statis- 
tical. We note that the asymmetry is in good 
agreement with the result of Baskir,*® who ob- 
tained A=0.311+0.010 at the same energy and 


angle. 
If we assume that the energy dependence of the 


polarization-asymmetry difference is not rapid, 
the results of this experiment can be combined 
with the 31° results of Hillman et al.* to obtain 
P-A=-0.014+0.014. Woodruff, ® using the method 
of Phillips* and the nucleon-nucleon potential of 
Gammel and Thaler, has developed formulas 
from which the T-noninvariance parameter A, 
defined by Phillips, can be deduced. For the 
energy and angle of these experiments, the ex- 
pression developed is /,(P -A)=0.9 sin 2A, where 
I, is the p-p differential cross section. From 
the (P-A) result given above, we find A to have 
the value 2.0+2.0 degrees. It can then be con- 
cluded that the 7-noninvariant term of the 
scattering matrix has a magnitude no more than 
a few percent of the average magnitude of in- 
variant terms. 


255 





VOLUME 1, NUMBER 7 


PHYSICAL REVIEW 


LETTERS OctToBeR 1, 1958 





‘J. S. Bell and F. Mandl, Proc. Phys. Soc. (Lon- 
don) 71, 272 (1958). 

*R. J. N. Phillips, Nuovo cimento 8, 265 (1958). 

3C. L. Oxley et al., Phys. Rev. 91, 419 (1953). 

‘ Hillman, Johannson, and Tibell, Phys. Rev. 110, 
1218 (1958). 

’ Baskir, Hafner, Roberts, and Tinlot, Phys. Rev. 
106, 564 (1957). 

® A. Woodruff (private Communication). 





HELICITY OF THE PROTON FROM 
A° DECAY* 


Elihu Boldt,! Herbert S. Bridge, 
David O. Caldwell, and Yash Pal} 
Massachusetts Institute of Technology, 
Cambridge, Massachusetts, 
and 
Brookhaven National Laboratory, 
Upton, New York 
(Received September 12, 1958) 


Since both the A° and its decay proton possess 
spins, the nonconservation of parity for the 
decay process manifests itself in two ways. The 
first effect is the unsymmetrical emission of 
the decay products with respect to the polar- 
ization direction of the A°. This asymmetry has 
been measured and reported'”? in terms of the 
decay pion. It is a function of the quantity 
(a: P), where a is the parity mixing parameter® 
and P is the A° polarization. The second effect 
is the appearance of a longitudinal polarization 
for the decay proton which remains finite even 
in the absence of a polarization for the parent 
hyperon. When P=0, this longitudinal polariza- 
tion, in the rest system of the A°, is given by 
-a. We report here the magnitude of the lon- 
gitudinal polarization and its sign (i.e., the 
proton helicity) as determined from the nuclear 
scattering of the decay protons in iron. 

The A° hyperons used in this measurement 
were produced in a multiplate cloud chamber 
(17 half-inch iron plates) that was exposed to 
high-energy (1.2 Bev-1.9 Bev) negative pions 
from the Cosmotron. The observed nuclear 
scattering of the decay protons in the iron 
plates is utilized as an analyzer for polarization 
transverse to the proton momentum. However, 
it is the proton longitudinal polarization (i.e., 
the polarization parallel to the momentum 
direction k* of the decay proton in the rest 
system of the A°) which characterizes parity 
violation in A° decay. Therefore, for hyperons 
that decay at rest, it is impossible to use nuclear 
scattering for the measurement of a. In this 
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experiment, however, the observed hyperons 
decay in flight with velocities as large as 0.8c; 
this has the effect of pulling the laboratory mo- 
mentum direction (ic) away from the polarization 
direction (k*). For the 54 events used in the 
present analysis, the average value of |kxk*/ is 
0.83. Hence the proton longitudinal polarization 
in the A° rest frame becomes a measurable 
transverse polarization in the laboratory system. 

For a zero-spin nucleus, such as iron, the 
differential proton scattering intensity (d//dQ), 
at a given polar scattering angle (yu), depends on 
the initial proton polarization vector (3), as 
follows’: 


dIAQ=(1/47)[1+5Spe(w], (1) 
where 


Ske =(SFe) kj xkf/| k; x Ky | = (Spe). 


The analyzer factor (See) is the polarization which 
appears when an unpolarized proton beam is 
scattered from an initial direction k; into a final 
direction Ky. Since the scattering interaction 
conserves parity, this polarization is along an 
axial vector: fi = (kj xky)/|k;xky| . The polariza- 


tion analyzer strength (Sfe) for protons scattered 
on iron has been measured in several laboratories 
at momenta of about 520, ° 560,” and® 830 Mev/c. 
These results were used as a calibration for the 
scattering observed in the present experiment. 

Scattering events suitable for a proton polariza- 
tion measurement were selected as follows: 

(1) All events with scattering angles larger 
than the expected rms Coulomb scattering angle 
were examined and assigned an “effective ana- 
lyzer strength” (S), viz: 


S= ySFe, 


where y is the probability that the observed event 
resulted from nuclear rather than Coulomb 
scattering.’ 

(2) Those events with S > 0.10 were selected 
for the final sample. 

Pertinent features of the complete A° sample are 
summarized in Table I, and Table II gives the 
main characteristics of the final group of events 
utilized for the polarization measurement. 

The analysis of the proton polarization is based 
primarily on the construction of a likelihood 
function (L) for the observed data in terms of the 
basic form (1) of the scattering probability. The 
likelihood function of N scattering events is the 
product of N independent probabilities, each of 
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Table I, The complete A’ sample. 








Total number of identified 
A® events with well defined 
origins 

Median momentum of all A° 
hyperons produced (suit- 
ably corrected for unob- 
served decays within 
plates) 

Number of observed A° 

events with a decay proton 
that traverses at least 
one plate 

Polarization of A° hyperons 
that fit above criterion (3) 
(based on decay asymmetry 
measurement for a-P, and 
a= 0.85) 

Composite path traversed by 
A® decay protons in passing 
through plates (i.e., ex- 
cludes path in plate where 
proton stops) 


460 Mev/c 


0.004+ 0,20 


3.5 x 10°g/cm? Fe 








Sample utilized for proton longitudinal 
polarization measurements. 


Table II. 








Number of events (i.e., events 
with S> 0.10) 54 
Median A° momentum 720 Mev/c 
Mean scattering angle (u ) 12.5° 
Mean proton momentum at scatter 537 Mev/c 
Median value of effective analyzer 
strength (S) 

Mean transverse component of 
polarization axis (k*): (ky x k*) 

A® hyperon polarization (based on 
decay asymmetry measurement for 
a:'P, and a= 0.85) 


0.4 


0.110. 28 





which corresponds to one event in the sample: 


N 
L = [JT [1+(S)y (iy: K* (6 K*)}. (2) 
{ =1 


This function (2) was evaluated for the 54 selected 
events using assumed values of the longitudinal 
polarization (6-k*) ranging from -1.2 to +1.0. 
The result, shown in Fig. 1, was then used to 
determine a. This determination was optimized 
by imposing two known restrictions on the mag- 
nitude of a. 

(1) By definition, |a|< 1, 

(2) From decay asymmetry measurements on 
the pion-proton decay mode of the A°,*°|a|> 
(0.73+ 0.14). 

If one subtracts two standard-deviations from the 
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FIG. 1. Likelihood function (L) for the longitudinal 
polarization (c) of the proton from A° decay, based on 
54 observed proton-iron scattering events. Points on 
the curve indicate the assumed values of polarization 
for which L was evaluated. The shaded area corres- 
ponds to 0.45<|a| = 1. The maximum of the likelihood 
function occurs at ¢ =0+k*=- 0.85. Negative helicity 
(i.e., negative longitudinal polarization) means that 
the proton spin is antiparallel to the proton momentum, 
in the A° rest system. 
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lower limit for |q@/, these conditions place highly 
probable restrictions on the magnitude of a, viz: 


1<|a|> 0.45. (3) 


Hence, in making likelihood statements, we limit 
ourselves to the area under the curve shaded ac- 
cording to the indicated bounds (3) on |a|. Under 
these restrictions, the helicity of the proton is 
negative, with 96% confidence. Further, if we 
now limit ourselves to values of polarization be - 
tween -0.45 and -1.0, the most likely value of the 
longitudinal polarization is: 


o = 6-R* = -@ = -(0.85_,.,,°°""), (4) 


where the deviations represent 68% confidence 
limits. 

Consistency checks on the longitudinal polariza- 
tion measurements are summarized in Table III. 
The expected values of NR (number of scatters to 
the right; events with fi-k* negative), N, (num- 
ber of scatters to the left; events with fi-k* 
positive), and (fi-k*) for the sample are calculat- 
ed on the basis of a longitudinal polarization equal 


Table I. Proton longitudinal polarization checks. 





-k*) Np N, 


-0.1420.07 34 20 





Measured values 
Expected values 


(based ong = -0.85) -0.12 31 23 
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to that obtained by the maximum-likelihood pro- 
cedure (4). All these checks are in agreement, 
to within the indicated statistical standard un- 
certainties, with the most likely value of polari- 
zation. 

The result reported here is the first example of 
a weak decay process not involving neutrinos that 
yields a negative helicity particle. This negative 
helicity and the large magnitude of the longitudinal 
polarization for the proton are both consistent 
with a four-fermion A°-decay interaction of the 
“ vector-axial vector” type.'?~ 

We wish to thank Professor Bruno Rossi for 
his continued interest and encouragement through- 
out this experiment, Dr. George Collins for his 
co-operation in the use of the Cosmotron facili- 
ties, and Dr. Henry Blumenfeld and Dr. Chris- 
topher Leavitt for their considerable efforts in 
operating the cloud chamber. In addition, we 
want to thank Dr. Henry Blumenfeld, Dr. Guido 
Sandri, and Dr. Chen Ning Yang for valuable 
discussions. 
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These authors estimate that, for a V-A type inter- 
action, the mode A° ~p+e~+i should occur for ~2% 
of the decays. Along with 257 A’ p+1~ decay events, 
we have observed no such electron mode. 





WILSON-PEIERLS AMBIGUITY IN 
HIGH-ENERGY PHOTOPRODUC TION* 


J. J. Sakurai! 
Radiation Laboratory, 
University of California, 
Berkeley, California 
(Received September 12, 1958) 


Recent experiments at Cornell University and 
at the California Institute of Technology have 
revealed the presence of a second peak in photo- 
production of a single pion.’ It has been sug- 
gested by Wilson that this peak corresponds to 
a resonance in an excited isobaric state of the 
proton with T= and J= 3.’ The parity of the 
isobaric state was originally assigned by him to 
be even so that the isobar decays into a p-wave 
pion and a nucleon. However, in a more recent 
letter Peierls has pointed out that the 7* pro- 
duction can be more readily understood in terms 
of a resonance ina T=}, J= ? state with odd 
parity,* which means that the proposed isobar 
has a symmetry property required of a nucleon 
plus a d-wave pion. Arguments based on the 
angular distribution of the 7* production are not 
very conclusive, since there are many nonreso- 
nant states which are expected to be important 
for photoproduction of charged pions. The pur- 
pose of this letter is to point out that there 
exists a very definite possibility of resolving 
this p; vs ds ambiguity by measuring the pola- 
rization of the recoil proton in the reaction 


y+p—p+r, (1) 


and that such an experiment is indeed feasible. 
Let us recall that the ps state of the pion-nu- 
cleon system can be reached from the magnetic 
dipole channel of the yp system and the ds state 
from the electric dipole channel. We construct 
the production matrix M for Eq. (1) under the 
assumption that only these two channels contri- 
bute, since other nonresonant states are ex- 
pected to be relatively unimportant for photo- 
production of neutral pions provided that either 
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of the resonance models is correct.‘ We have® 
M=A[294k x6) - i(ovkg'e - o€q"h) 
+ iB(30°ge*g - o°€), (2) 


where €, &, and g are unit vectors along the 

photon polarization, the photon momentum, and 
the pion momentum, respectively, and A and B 
are the transition amplitudes for Ml~ps and for 
El~d3, respectively. In Wilson’s ps model, B 
is 0, and |A/? is essentially proportional to the 


total 7° production cross section at all energies 
up to E, = 800 Mev. In Peierls’s d3 model, A 
is dominant in the first resonance region (Ey 
=320 Mev), both A and B contribute in the tran- 
sition region (450 Mev < £,,<600 Mev), and B is 
dominant in the second resonance region (Ey 
=700 Mev). From Eq. (2) we obtain the angular 
distribution 


1(8)~(|A|? + |Bl?)(1+ % sin?é) 
- 2Re(AB*)cos 9. (3) 


From the experimental point of view the most 
striking feature of Reaction (1) is that the 7° 
angular distribution is forward-backward sym- 
metric in the entire region up to 800 Mev and is 
consistent with the 1+? sin* 6 distribution. 
Hence unless one has 


2Re(AB*) =0 (4) 


at all energies, Peierls’s model is untenable— 
a point already noted by Peierls himself. Note 
that Peierls’s model implies that A and Bare 
about 90° out of phase in the transition region 
where we know both A and B contribute sub- 
stantially. 

Thus from the 7° angular distribution we can- 
not decide between Wilson’s model with B= 0 
and Peierls’s model with Re(AB*) =0,° and it 
would be nice if we could directly test Peierls’s 
hypothesis that |2Im(A8*)| is almost as large 
as |A?+/|BP in the transition region where 
|A|=|Bl We now note that the polarization of 
the recoil proton is given by 


P(e) = = ) 
= 4[Im(AB*) |sin 6/ [( | A |?+ | B|?)(1 + @ sin? 4) 
- 2Re(AB*)cos 6], (5) 
where (fT) and (|) refer to the respective pro- 
babilities for observing the proton with spin up 


and spin down relative to the production plane 
whose normal is given by gq. Quantitatively 
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FIG. 1. Expected proton polarization for Reaction 
(1) in Peierls’ s model in the energy region where the 
; state and the d3 state contribute equally, under the 
assumption that the pz amplitude and the d gamplitude 


are 90° out of phase. 





Proton Polarization, P(@) 
° 
o 


©, 


Peierls’s model implies that with A and B 90° 
out of phase the polarization is as large as 80% 
in the angular region 40°< 4. m. < 140° at about 
E, = 550 Mev (or, more precisely speaking, at 
that energy where |A! = |B!), as shown in Fig. 
1. Fortunately this polarization is rather in- 
sensitive to variations in the relative phase of 
A and B; even if the relative phase is 60° (which 
would probably give too much forward-backward 
asymmetry to be consistent with the angular- 
distribution measurements), the polarization 
can still be as large as 70% in the broad angular 
region shown in Fig. 1. 

The recoil proton in Reaction (1) has a sub- 
stantial laboratory-system kinetic energy in the 
major part of the region of our interest. Spe- 
cifically at E, = 550 Mev, 9m. = 55°, the pro- 
ton kinetic energy is 215 Mev. As is well known, 
a polarized proton beam can be analyzed by a 
scattering from complex nuclei. In fact the sit- 
uation here is extremely favorable: For 220- 
Mev polarized protons the analyzing power of 
proton-carbon scattering is essentially 100% at 
optimum angles, so that at such angles the ob- 
served right-left asymmetry in the subsequent 
p-C scattering is the proton polarization itself.’ 
With only a few hundred events a statistically 
significant result can be obtained, and in spite 
of a low expected counting rate such an experi- 
ment is feasible. 

In view of this large asymmetry expected from 
Peierls’s model and no asymmetry expected 
from Wilson’s model, we believe that the Wilson- 
Peierls ambiguity can be resolved in this man- 
ner. Should the proposed experiment indeed 
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show a large proton polarization in the transi- 
tion region (i.e., between the first and second 
peak), such a polarization would be a very 
striking confirmation of Peierls’s model. Of 
course the possibility exists that neither 
Peierls’s model nor Wilson’s model is correct. 
We expect that most other models® are likely to 
give a proton polarization substantially smaller 
than 80%. The energy and angular dependence 
of the proton polarization will throw further 
light on the nature of the second peak. 

The investigation discussed here was sparked 
by stimulating conversations the author had 
with Dr. Oreste Piccioni. Thanks are also due 
to Dr. M. J. Moravcsik and Dr. T. J. Ypsilantis 
for helpful discussions. 





“This work was done under the auspices of the U. S. 
Atomic Energy Commission. 

On leave of absence from the University of Chicago, 
Chicago, Illinois. 

‘De Wire, Jackson, and Littauer, Phys. Rev. 110, 
1208 (1958); P. C. Stein and K. C. Rogers, Phys. 
Rev. 110, 1209 (1958); Heinberg, McClelland, Turkot, 
Wilson, Woodward, and Zipoy, Phys. Rev. 110, 1211 
(1958); F. P. Dixon and R. L. Walker, Phys. Rev. 
Lett. 1, 142 (1958). 

*R. R. Wilson, Phys. Rev. 110, 1212 (1958). 

*R. F. Peierls (to be published). 

‘In Wilson’ s model, however, the neglect of the 
E2-—-p3 transition in the second resonance region may 
not be justified on a priori theoretical grounds. 

‘For the construction of the production matrix see, 
e.g., M. J. Moravcsik, Brookhaven National Labora- 
tory Report BNL-459, 1957 (unpublished), p. 15-16. 

*In principle we can resolve the ambiguity by using a 
polarized y-ray beam. The A term gives 1+ 3sin’@sin’¢, 
whereas the B term gives 1+ 3sin*@cos*¢, where dis . 
the angle between € and q. However, the possibility 
of obtaining a polarized y-ray beam at 700 Mev seems 
to be rather remote at present. 

"See, e.g., E. M. Haffner, Phys. Rev. 111, 297 
(1958). 

®See remarks by R. L. Walker and M. Gell-Mann, 
Proceedings of the Eighth Annual Conference on High- 
Energy Nuclear Physics, CERN, Geneva, 1958 (to be 
published). 











F’*® LEVELS NEAR 1 MEV 


J. A. Kuehner, E. Almgqvist, 
and D. A. Bromley 
Physics Division, Atomic Energy of Canada Limited, 
Chalk River, Ontario, Canada 
(Received September 15, 1958) 


As a result of increased interest in the appli- 
cation of current shell and collective model cal- 
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culations»? to the mass-18 system, measure- 
ments have been carried out recently in a num- 
ber of laboratories on the low levels of F'*®. It 
is the purpose of this letter to present evidence 
for a new level in F’® which resolves the appar- 
ent discrepancies between the measurements in 
different laboratories on the F’® spectrum in the 
region of one Mev excitation. 

Early measurements on the Ne?°(d, a)F"® reac- 
tion® indicated a T = 0 level at 1.05 Mev. Meas- 
urements in several laboratories on the N'*(a, y) 
F® * 018(p 1) F!®* and O'*(He®, py) F!*° reactions 
indicated two levels, at energies near 0.94 and 
1.07 Mev; the upper one of these was assumed 
to be the analog of the T = 1, 0+ ground state of 
O'* while the lower one was assumed to be iden- 
tical with that observed in the Ne*°(d, a)F'* 
measurements. Measurements carried out in 
this laboratory’ on O'*(He*, py)F’® showed two 
levels; the energies were assumed to be 0.94 
and 1.08 Mev as measured under the inherently 
better experimental conditions in our N'*(a, y)F*® 
studies.® 

More recently high resolution magnetic spec- 
trograph measurements have been made at the 
Rice Institute® and the Atomic Weapons Research 
Establishment, Aldermaston, *° using the reac- 
tion O'*(He*, p)F**. Proton groups correspond- 
ing to levels at 0.940, 1.045, and 1.125 Mev and 
at 0.935, 1.040, and 1.120 Mev, respectively, 
are reported. In addition gamma-ray transitions 
of energy 0.94 and 1.04 Mev have been observed 
in the reaction’ O'*(p, ny)F'*®. None of these 
energies are in agreement with the value 1.075 
+0.010 observed in the N"*(a, y)F’® studies.*»® 

in order to check on the energies of the gamma- 
ray transitions involved in the N'*(a, y)F’® and 
O'*(He’, py) F**® reactions, the gamma-ray spec- 
tra shown in Fig. 1 were measured. Clearly the 
higher energy transitions from the two reactions 
do not have the same energy. Since more de- 
tailed measurements have demonstrated for 
each reaction that the de-excitations involved 
are ground-state transitions, it is necessary to 
postulate a fourth level, not observed in the 
spectrograph measurement, at 1.08 Mev. 

No evidence for a transition of 1.12 Mev has 
been found. 

The measured de-excitation branching and an- 
gular distributions of the radiation from the 
N"*(a, y)F’® reaction strongly support a 7 = 1, 
0+ assignment® to the state near 1.08 Mev; there 
is no obvious reason why this level should not 
be observed in the reaction O'*(He*, p)F'*. How- 
ever, since this reaction is known to show 
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FIG. 1. Gamma-ray pulse-height spectra from 
o'(He®, py )F* (Ey,3 ~ 2.43 Mev) and N'(a,y)F.° 
(Epes ~1.53 Mev), together with a level diagram 
showing the transitions involved. The assignments in 
brackets are not certain. 


strong resonance effects” it appeared possible 
that the spectrograph measurements were made 
at either angles or incident energies where the 
corresponding differential cross section was 
small. For this reason measurements were 
carried out at several angles and bombarding 
energies with a Kellogg type 180° magnetic spec- 
trometer in a search for the proton group from 
the O'*(He’, »)F’* reaction leading to the 1.08- 
Mev level in F'®. Some of the results are shown 
in Fig. 2. All the groups were identified as pro- 
tons by their pulse heights in a calibrated CsI 
detector; the variation of their measured mo- 
menta with angle and beam energy establish that 
they all are from the O'*(He’, p)F*® reaction. 
These measurements corroborate the existence 
of levels at 0.94, 1.04, and 1.12 Mev and esta- 
blish the existence of a new level in F’® at 

1.080 +0.005 Mev. This energy value is obtained 
by assuming a magnet calibration based on the 
average energy values reported for the other 
three states in the previous spectrographic 
studies. 

With the single exception of the F’°(d, t)F*® 
measurements of El] Bedewi and Hussein, ** 
which suggest negative parity for the 0.94-Mev 
level, all of the available data are consistent 
with the assignments shown on the level diagram 
in Fig. 1. Both the F'°(p, d)F’* measurements of 
Bennett'* and linear polarization measurements 
carried out in this laboratory on the 0.94-Mev 
radiation’® require positive parity for the 0.94- 
Mev state. Gamma-ray angular distribution and 
(p, y) angular correlation measurements in- 
volving the 1.04- and 1.08-Mev gamma rays 
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FIG. 2. Proton energy spectra from o'*(He® pF 
obtained in a Kellogg type 180° magnetic spectrometer. 
The abscissa gives the corresponding excitation in 
F’*. The angle of observation with respect to the He® 
beam and the incident He* energy are inset for each 
spectrum. 


show spherical symmetry while those involving 
the 0.94-Mev level do not. AO-, 7 = 0 assign- 
ment to the 1.040-Mev level, which corresponds 
to the removal of a 1 neutron from the O'* 
core, is consistent with a small reduced width 
for the F'°(p, d)F’® reaction to this level and 
Bennett’s observation of only / = 0 and / = 2 
components in the pickup pattern to the unre- 
solved states near one Mev. 

A report of detailed studies of the de-excita- 
tion branching ratios and other properties of 
states of F’* at higher excitations observed in 
the reactions O'*(He’, py) F’® and N"*(a, y)F*® will 
be published shortly. 





‘J. P. Elliott and B. H. Flowers, Proc. Roy. Soc. 
(London) A229, 536 (1955). 

2M. G. Redlich, Phys. Rev. 110, 468 (1958); 95, 
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POLARIZATION EFFECTS IN 
CASCADE SHOWERS* 


L. F. Cook, Jr., and N. Williams, Jr. 


Radiation Laboratory, 
University of California, 
Berkeley, California 
(Received August 18, 1958) 


The possibility of the “transmission” of polar- 
ization effects through matter by means of elec- 
tromagnetic cascade showers has been suggested 
by Goldhaber and emphasized by Dyson and 
McVoy.' If the showers are generated by polar- 
ized high-energy electrons, this effect can be 
used to measure the polarization of the incident 
electron beam by observing the resulting brems- 
strahlung photons.” We have therefore made 
preliminary calculations for the effect by means 
of a Monte Carlo technique.® 

At the present time, the cross sections used 
for the polarized bremsstrahlung and pair-pro- 
duction processes are essentially those of Dyson 
and McVoy’' for the case of complete screening. 
The (2/9) term neglected by Dyson and McVoy 
has been combined with the doppp cross sec- 
tion because it was noticed that in pair produc- 
tion the inclusion of any fractional part of this 
term with either of the other two cross sections 
allowed them to become negative. Calculations 
using more accurate cross sections are planned.‘ 

For given initial conditions, i.e., particle, 
energy, and spin,* three numbers were deter- 
mined by making correspondences between the 
cross sections and random numbers. The pro- 
cedure was as follows: the distance to an in- 
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teraction was found by a correspondence between 
the total cross section for an event® and a ran- 
dom number; the energy loss was calculated if 
the particle was an electron, and the polariza- 
tion combination was obtained by a correspond- 
ence between the polarization cross sections 
(integrated over the energy range) and random 
numbers; by use of the appropriate polarization 
cross section, the energies of the resulting par- 
ticles were obtained by another random-number 
correspondence. Each particle generated was 
followed through the material in a similar fash- 
ion until the shower “died.” Electrons and 
photons with energies less than one Mev were 
considered “dead.” The random numbers 
ranged over the integers from 0 to 10’. A con- 
stant energy loss was assumed, and for our 
calculations, which are for lead, the value 19.6 
Mev/cm was used. The final results obtained 
were the numbers, polarizations, and energies 


of electrons, positrons, and photons after trav- 
ersing a particular distance in the material. In 
these calculations, multiple scattering has been 
neglected. 

The polarization transmitted in a shower is 
defined as 


P(x) = 100 [y, (x) - v(x) V[y,(x) + v(x) ], 


where y,(x) is the number of “spin-forward” 
photons at a given distance, x, for a particular 
shower, and y_(x) refers to the “spin-backward” 
photons. Table I gives P(x), the average polari- 
zation, for an incident 30-Mev electron, polar- 
ized forward, on the basis of 500 showers. The 
symbol (E,,>5) signifies that only those photons 
present at x with an energy greater than 5 Mev 
were counted; similarly for (E,,>10). Physical 
significance is to be attached only to the top 
entry in the left column and to the top two en- 


Table I. Average polarization for an incident 30- 
Mev electron polarized forward. 








Ey >5 Ey >10 
P«) 2op Pe) 20 





55 10 72 12 
61 8 90 10 
55 14 80 22 
43 20 39 54 
40 26 64 
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tries of the right column of the table; the pre- 
sent statistical accuracy is poor for large x, 
while the various defects in the theoretical model 
become more important for particles at the 
lower energies. The balance of the table is in- 
cluded to indicate the qualitative nature of these 
preliminary calculations. An indication of the 
statistical accuracy is given by the 95% confi- 
dence intervals (estimated as 20p, where op is 
the standard deviation of P) listed where such 
intervals have statistical significance. Future 
computations on 5000 showers, using the correct 
cross sections,‘ are expected to give mean po- 
larizations reliable to within a few percent. 

We are indebted to Dr. D. L. Judd for suggest- 
ing this calculation. 





*This work was performed under the auspices of the 
U. S. Atomic Energy Commission. 

'K. W. McVoy and F. J. Dyson, Phys. Rev. 106, 
1360 (1957). 

*Macq, Crowe, and Haddock, University of Califor- 
nia Radiation Laboratory Report UCRL-8263, April 
24, 1958 (to be published). 

3Similar Monte Carlo calculations without polariza- 
tion transmission have been performed: Robert R. 
Wilson, Phys. Rev. 86, 261 (1952). 

‘The correct cross sections have been calculated: 
H. Olsen and L. C. Maximon, Phys. Rev. 110, 589 
(1958). 

5We consider only 100% polarization for the incident 
particle. 

SOnly the primary effects are included, i.e., we 
have neglected photoelectric effect, Compton effect, 
electron atomic-electron bremsstrahlung, etc. 





ERRATA 


DETERMINATION OF THE PARITIES OF 
STRANGE PARTICLES FROM DISPERSION RE- 
LATIONS. Saul Barshay |Phys. Rev. Lett. 1, 
177 (1958) |. 


The following typographical errors are to be 
noted on page 178: in Eq. (2b) my,” should be 
mp~*; in Eq. (3b) 1.01 g,* should be -1.01 g,’; 
in the last line of the next to the last paragraph 
of column two, Eq. (3b) should be Eq. (2b). 

In the same paragraph the sentence referring 
to Igi’s analysis should read “Igi’s analysis‘ 
shows that if the effective K*- p potential is 
repulsive and if the K* - p cross section in- 
creases from ~6 mb at 0 kinetic energy to ~17 
mb at ~100 Mev, then F is negative for either a 


repulsive or an attractive K  - p effective poten- 
tial.°” In reference 8, the opening phrase should 
read “Igi notes that if the K* - p cross section, 
in fact, is essentially isotropic and energy in- 
dependent from 0 to ~200 Mev kinetic energy 
then F***.” 


F AND V CENTERS THERMOLUMINESCENT 
RECOMBINATION. G. Bonfiglioli, P. Brovetto, 
and C. Cortese [Phys. Rev. Lett. 1, 94 (1958) ]. 


At a certain point of the paper, three experi- 
mental values were given of the transition pro- 
babilities ;, which were actually wrong because 
of an error in the numerical computations. The 
corrected ratios are 


P, : Py : Py = 5.03X10° : 1.73X10' : 1; 


and the corrected absolute values (always for 
10'* F centers/cm*) are 


p, = 2X10°*; p, = 9X10"; p, = 5x10" 


(cm® sec”). 


ELECTRIC DIPOLE MOMENT OF THE MUON. 
D. Berley, R. L. Garwin, G. Gidal, and L. M. 
Lederman [Phys. Rev. Lett. 1, 144 (1958) }. 


The measured values of 6, the angle through 
which the trajectory is bent in the magnetic 
field, should have read as follows: 


6 = + 0.064 + 0.024 radians (105° run), 
6 = - 0.017 + 0.028 radians (153° run). 


EXPERIMENTAL EVIDENCE FOR THE INFLU- 
ENCE OF ATOMIC BINDING ON THE DECAY 
RATE OF NEGATIVE MUONS. R. A. Lundy, 

J. C. Sens, R. A. Swanson, V. L. Telegdi, and 
D. D. Yovanovitch [Phys. Rev. Lett. 1, 102 
(1958) |. 


The authors of the paper cited in reference a 
of Table I are J. Steinberger and H. B. Wolfe, 
not S. Lokanathan and J. Steinberger. 


PHOTOPRODUCTION OF K MESONS. B. D. 
McDaniel, A. Silverman, R. R. Wilson, and G. 
Cortellessa [Phys. Rev. Lett. 1, 109 (1958) ]. 


The cross section, do(@)/dQ, given in Table I, 
and in Fig. 3, for k = 1010 Mev, 6, m = 26°, 
should be corrected to be (1.32 + 0.14) x10-™* cm?/ 
sterad. This correction of an error of computa- 
tion makes the angular distribution for this en- 
ergy appear significantly more isotropic. 
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ANNOUNCEMENT 


This is a reminder that the period of free subscrip- 
tion to PHYSICAL REVIEW LETTERS for all sub- 
scribers to THE PHYSICAL REVIEW will end with 
Volume 1, Number 12 of this Journal (issue of Decem- 
ber 15, 1958). Thereafter, a charge will be made in 
accordance with the schedule shown on the masthead 
page. 
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EXCITATION OF ROTONS IN HELIUM II BY 
COLD NEUTRONS. Harry Palevsky, K. Otnes, 
and K. E. Larrson, A. B. Atomenergi, Stock- 
holm, Sweden (Received May 29, 1958). 


The nature of collective excitations in helium 
II has been investigated by means of the inter- 
action of these excitations with cold neutrons. 
The experiment demonstrates the existence of 
excitations with long mean free path compared 
to their wavelength, confirming the theoretical 
ideas of Landau and Feynman. The dispersion 
relation for the excitations in the energy region 
of the “roton minimum” is directly measured 
and gives the following Landau parameters: 


A=8.14 0.4°K, p,/f = 1.9 + 0.03A7!, and 
1.=0.1640.02my, . 


THERMAL CONDUCTIVITY OF AN ELECTRON 
GAS IN GASEOUS PLASMA. T. Sekiguchi and 
R. C. Herndon, Department of Electrical Engi- 
neering, University of Illinois, Urbana, Illinois 
(Received June 13, 1958). 


The thermal conductivity of an electron gas in 
a gaseous plasma is determined by experimental 
techniques which have been improved over those > 
reported in a previous article by Goldstein and 
Sekiguchi. A pulsed microwave is utilized to 
probe the plasma parameters as well as to se- 
lectively heat up the electron gas in a small vol- 
ume of the elongated plasma. The photomulti- 
plier tube detects the change in electron temper- 
ature by taking advantage of the phenomenon of 
“afterglow quenching”. The experimental values 
for the thermal conductivity, which are deter- 
mined by two different methods, are in good 
agreement. In the plasmas investigated, neon 
and helium, the degree of ionization is very low 
(10° ~ 10-*). However, the measured values of 
the thermal conductivity are still consistent 
with those obtained from the theoretical expres- 
sion given by Spitzer and Harm for a fully ion- 
ized gas. 


MULTIPACTING MODES OF HIGH-FREQUENCY 
GASEOUS BREAKDOWN. Albert J. Hatch, Ar- 
gonne National Laboratory, Lemont, Illinois, 
and H. Bartel Williams, New Mexico College of 
Agriculture and Mechanic Arts, State College, 
New Mexico (Received June 23, 1958). 


A previously developed average electron theo- 
ry for the $-cycle multipacting mode of low- 
pressure, high-frequency breakdown (secondary 
electron resonance) has been generalized and 
extended to higher order modes. A semi-theo- 
retical plot of breakdown voltage V vs the pro- 
duct of frequency times electrode separation 
fxd using representative fitting parameters is 
given for the 2- through #-cycle modes. In addi- 
tion to the customary 2-cycle cutoff, the theory 
predicts a modified cutoff in each of the mode 
transition regions. Breakdown data for internal 
metal electrodes at 2 microns pressure show 
the typical 3-cycle cutoff at about 100 Mc-cm/ 
sec plus a newly observed 3-cycle cutoff as in- 
dicated by a dip in the breakdown curve at about 
450 Mc-cm/sec. The $-cycle dip exhibits a 
strong dependence on electrode surface condi- 
tions. The theory is compared with multipacting 
breakdown data from several sources covering 
a wide range of conditions, including microwave 
breakdown at sufficiently low pressures. 


INTERNAL PHOTOEFFECT AND EXCITON 
DIFFUSION IN CADMIUM AND ZINC SULFIDES. 
M. Balkanski * and R. D. Waldron, Laboratory 
for Insulation Research, Massachusetts Institute 
of Technology, Cambridge, Massachusetts (Re- 
ceived March 24, 1958). 


The spectral response of photoconductivity of 
ZnS and CdS for both single-crystal and sintered- 
powder samples was measured for several dis- 
tances between the area of illumination and the 
electrode region. The energy transport process 
for indirect illumination was studied by measur- 
ing the photocurrent pulses produced by high- 
intensity light flashes and by experiments with 
light transmission and electric fields. These 
studies demonstrate energy transport by elec- 
trically neutral entities other than photons, 
which we interpret as diffusion of excitons or 
mobile electron-hole pairs. 

This indirect or transfer photocurrent occurs 
predominantly at frequencies below the absorp- 
tion edge of the crystal, with the detailed re- 
sponse being sensitive to the impurity content of 
the samples. The diffusion parameters in this 
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region generally lie in the following range: 
Lifetime 7=10~ to 107° sec, diffusion constant 
D=10° to 10* cm*ec, and diffusion length L=0.1 
to 1 cm. 

The transfer photocurrent for steady illumina- 
tion shows a nearly linear dependence on the in- 
cident light intensity. The slow decay of the 
photocurrent indicates that trapping processes 
are important in the photocurrent mechanism. 
Measurement of photocurrent pulses for flash 
illumination shows a greater than linear depend- 
ence on intensity indicating a second-order or 
bimolecular process. A proposed mechanism 
for the transfer photoeffect involves initial ab- 
sorption of the light with creation of an exciton, 
which diffuses to a trap in the lattice. A second 
exciton reaching the trap then dissociates, using 
energy transferred from the trap. 


*Present address: Laboratoire de Physique, Ecole 
Normale Supérieure, Paris, France. 


FOURIER COEFFICIENTS OF CRYSTAL PO- 
TENTIALS. Joseph Callaway and M. L. Glasser, 
Department of Physics, University of Miami, 
Coral Gables, Florida (Received May 29, 1958). 


A method is developed for the calculation of 
the Fourier coefficients of the electrostatic po- 
tential of a given distribution of valence elec- 
trons in a solid. The valence electron wave 
functions are expressed as combinations of ortho- 
gonalized plane waves. The treatment takes full 
account of the nonspherical character of the 
atomic polyhedron. Application is made to 
lithium. 


THEORY OF THE DIELECTRIC CONSTANTS 
OF ALKALI HALIDE CRYSTALS. B. G. Dick, 
Jr.,”* and A. W. Overhauser, Cornell University, 
Ithaca, New York (Received January 27, 1958; 
revised manuscript received July 31, 1958). 


The simple classical theories of the dielectric 
constants and compressibility of ionic crystals 
lead to two relations among the experimental 
quantities from which arbitrary parameters have 
been eliminated, the Szigeti relations. Neither 
is satisfied by the data, indicating the inadequacy 
of these simple theories. The short-range re- 
pulsive interaction between ions with closed- 
shell electron configurations is investigated, and 
an approximate interpretation of the Born-Mayer 
potential in terms of overlap integrals is devel- 
oped. These results are applied to the interac- 
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tion of model ions consisting of rigid charged 
shells bound to cores by harmonic restoring 
forces. Using this model, polarization mecha- 
nisms neglected in the simple dielectric constant 
theory, the “short-range interaction polariza- 
tion” and the “exchange charge polarization, ” 
are described. Both arise from charge redistri- 
butions occurring when the ions move with re- 
sulting changes in electron overlaps. Applied to 
a crystal, these ion models permit the deriva- 
tion of generalizations of the Szigeti, Clausius- 
Mossotti, and Lorenz-Lorentz relations. The 
e*/e of the second Szigeti relation can then be 
calculated, and comparison with the e*/e 

values derived from experimental data implies 
that the above polarization mechanisms must 

be at least in part responsible for the deviation 
of this parameter from unity. The failure of 

the first Szigeti relation is discussed and attri- 
buted to the inadequacy of the treatment of com- 
pressibility. The additivity feature of the 
simple theory and its absence in the refined 
theory are discussed in relation to the so-called 
vacuum and crystal-ion polarizabilities. 


*Present Address: Department of Physics, Univer- 
sity of Illinois. 


EFFECTS OF PRESSURE ON THE SUPERCON- 
DUCTING TRANSITION TEMPERATURES OF 
Sn, In, Ta, Tl AND Hg. L. D. Jennings and 

C. A. Swenson, Institute for Atomic Research, 
Iowa State College, Ames, Iowa (Received June 
9, 1958). 


Solid parahydrogen has been used as a trans- 
mitter of approximately hydrostatic pressure to 
study the effects of pressures up to 10000 atmos 
on the superconducting transition temperatures 
of polycrystalline tin, indium, tantalum, thallium 
and mercury. The technique which was used 
allowed an approximate evaluation of the effects 
of sample deformation and pressure gradients, 
and the results are considerably more accurate 
than the high-pressure data previously available. 
The transition temperature data for tin and ind- 
ium showed considerable curvature when plotted 
vs pressure, but gave a roughly linear relation- 
ship when plotted against volume. No curvature 
was found for tantalum. The thallium data agree 
qualitatively with previous work, and showa 
maximum in the transition temperature vs press- 
ure curve at about 2000 atmos. The mercury 
results were anomalous in that two distinct trans- 
ition temperature vs pressure curves (with dif- 
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ferent zero-pressure transition temperatures) 
were found; one when the pressure was kept 
below 4000 atmos, and the other when the sample 
was cycled from zero to 10000 atmos. Other 
experiments have shown that these results are 
due to two different modifications of solid mer- 
cury, each of which can exist at liquid helium 
temperatures. 


COMPUTATION OF THE PRINCIPAL COMPO- 
NENTS OF AN ASYMMETRIC g TENSOR FROM 
PARAMAGNETIC RESONANCE DATA. J. E. 
Geusic* and L. Carlton Brown, Department of 
Physics and Astronomy, The Ohio State Univer- 
sity, Columbus, Ohio (Received June 5, 1958). 


A straightforward method is developed for ob- 
taining the principal components of the asym- 
metric tensor g and its orientation in a crystal 
system. The necessary paramagnetic resonance 
data involve three crystal rotations about arbi- 
trary orthogonal axes. Although the spin Hamil- 
tonian is probably not applicable except for S= ;, 
the development, which is based upon a calcula- 
tion of the second moment of the energy levels 
about their mean, is quite general. 


+. 
Now at Bell Telephone Laboratories, Murray Hill, 


New Jersey. 


PIEZORESISTANCE CONSTANTS OF n-TYPE 
InAs. A. J. Tuzzolino, Chicago Midway Labora- 
tories, The University of Chicago, Chicago, 
Illinois (Received June 5, 1958). 


A measurement of the piezoresistance constants 
of n-type InAs a function of temperature from 
77°K to 300°K has been made. From the small 
magnitude found for the three constants through- 
out the temperature range investigated, it is 
concluded that the results of this experiment 
are consistent with a spherical conduction band 
model for InAs. 


THEORY OF PLASMA RESONANCE IN SOLIDS. 
P. A. Wolff, Bell Telephone Laboratories, In- 
corporated, Murray Hill, New Jersey (Received 
May 29, 1958). 


A study is made, ina simple geometry, of the 
modes of a confined plasma. The modes are 
closely spaced in frequency and unresolvable un- 
less the size of the plasma is comparable to the 
Debye length. Observation of the modes in small 
samples is made difficult by line broadening due 


to surface scattering, but might be possible ina 
suitably designed experiment. 


ELECTRON ENERGY BANDS IN SODIUM. Joseph 
Callaway, Department of Physics, University of 
Miami, Coral Gables, Florida (Received June 
23, 1958). 


The potential energy of a valence electron in 
sodium is represented by the function V(r )=2r 
+ Ae~2"/r, The second term, which is repul - 
sive in character, represents the effect of the 
core electrons. Values for A and 8 are deter- 
mined from spectroscopic data. Energy levels 
of predominantly s and p symmetry are deter- 
mined at four points of the Brillouin zone. 


COHESIVE ENERGY AND WAVE FUNCTIONS 
FOR RUBIDIUM. Joseph Callaway and Daniel 
F. Morgan, Jr., Department of Physics, Uni- 
versity of Miami, Coral Gables, Florida (Re- 
ceived June 18, 1958). 


The cellular method was used to calculate the 
cohesive energy of rubidium. The potential was 
obtained from a self-consistent field for Rb* 
supplemented by an exchange potential. Wave 
functions were obtained to order #’ in the solid 
and for the lowest valence electron state in the 
free atom. A value of 20.7 kcal/mol was ob- 
tained for the cohesive energy, including k* terms 
in the Fermi energy, but neglecting any polari- 
zation effects. The ratio of | (0)! for an elec- 
tron on the Fermi surface in the metal to that for 
an electron in the free atom was computed and 
found to be in good agreement with results of the 
Knight shift measurements. 


MAGNETIZATION STUDIES AND POSSIBLE 
MAGNETIC STRUCTURE OF BARIUM FER- 
RATE. Il. Warren E. Henry, U. S. Naval Re- 
search Laboratory, Washington, D. C. (Re- 
ceived June 16, 1958). 


An approach to the absolute saturation magnet- 
ization of polycrystalline, magnetically hard 
BaO6Fe,O, has been achieved by using magnetic 
fields up to 60000 gauss and temperatures down 
to 1.3°K where the saturation magnetization and 
remanence (about one half of the saturation 
magnetization) have become temperature inde- 
pendent. The magnetization in the highest fields 
is approaching 1.64 Bohr magnetons per atom of 
Fe at 1.3°K and 1.13 at 295°K. Inferences are 
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drawn as to a possible magnetic structure from 
such a saturation magnetization. A sample dis- 
placement ballistic technique is used. 


MAGNETIC ANISOTROPY CONSTANT OF 
YTTRIUM IRON GARNET AT 0°K. B. R. Cooper, 
Department of Physics, University of California, 
Berkeley, California (Received June 30, 1958). 


The anisotropy energy of yttrium iron garnet 
is separated into two parts, the normal part 
predominant at high temperatures, and the 
anomalous part important below 50°K. By com- 
parison with ferrite data, the cause of the nor- 
mal anisotropy is expected to be the coupling of 
the Fe** ions to the crystalline field. The fol- 
lowing expression for K,, the first order anisot- 
ropy constant, as a function of the fine-structure 
coupling constants a,, (tetrahedral sites) and 
a,, (octahedral sites) is obtained: 


K, /anit cell = -46.6 a,,-13.6 a,, . 


MAGNETORESISTANCE IN n- TYPE GERMA- 
NIUM AT LOW TEMPERATURES. R. A. Laff 
and H. Y. Fan, Purdue University, Lafayette, 
Indiana (Received June 25, 1958). 


Magnetoresistance was studied for n-type 
single-crystal germanium of 4x10"* effective 
donors/cm*. The effective anisotropy parame- 
ter K was found to decrease from ~20 at 300°K 
to ~6 at 20°K. Values close to 20 were again 
obtained at 7°K and 4.2°K. By introduction of 
compensating acceptors with heat treatment, it 
was shown directly that the decrease of K was 
due to anisotropic scattering by ionized impuri- 
ties, and the anisotropy was investigated by 
using different degrees of compensation. Below 
7°K, the scattering is determined by neutral 
impurities, and the high value of K indicates 
that the scattering is isotropic. 


TEMPERATURE DEPENDENCE OF THE CHAR- 
ACTERISTIC ENERGY LOSS OF ELECTRONS 
IN ALUMINUM. Lewis B. Leder and L. Marton, 
National Bureau of Standards, Washington, D. C. 
(Received June 18, 1958). 


The change in the 15-ev characteristic energy 
loss suffered by 15-kev electrons passing 
through a thin film of aluminum has been meas- 
ured as a function of temperature from 4.2°K to 
518°K. It is found that above room temperature 
the energy loss change agrees, within experi- 
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mental error, with the change expected due to 
decreased electron density resulting from ex- 
pansion of the lattice. However, below room 
temperature the energy loss change is much 
greater than expected on the above basis. It was 
also found that the halfwidths of both the energy 
loss and the zero loss lines increased with de- 
creasing temperature while the ratio of these 
two remained constant. 


LOW-TEMPERATURE TRANSITION OF MAG- 
NETIC ANISOTROPY IN NICKEL-IRON FER- 
RITE. Norman Menyuk and Kirby Dwight, Lin- 
coln Laboratory, Massachusetts Institute of 
Technology (Received June 25, 1958). 


A study of the magnetic properties of single 
crystal samples of nickel-iron ferrite with com- 
position Fe , o0° [Ni 0.197 Feo.s6” F€o.90° | 04 has 
revealed an abrupt transition in the magnetic 
anisotropy characteristics at 10°K. Above this 
temperature the anisotropy energy is small and 
has cubic symmetry; below 10°K the anisotropy 
energy increases rapidly with decreasing tem- 
perature and contains a uniaxial annealing term 
in addition to the cubic terms. The uniaxial term 
is of the form )) ; aj” Aj? where aj; and (j are the 
direction cosines of the magnetization at the 
measuring temperature and at the annealing 
temperature, respectively. The observed char - 
acteristics of this material below the transition 
cannot be explained on the basis of long-range 
order. A model is proposed which assumes the 
excess cations of the sample to be located at 
normally vacant octahedral lattice sites. The 
theory of magnetic anneal introduced by Tani- 
guchi and Yamamoto, and independently by Neel, 
is then applied to this model. The resulting pre- 
dictions are in accord with our experimental 
findings. 


THEORY OF INFRARED ABSORPTION BY 
CONDUCTION ELECTRONS IN GERMANIUM. 
EFFECTS DUE TO INTRAVALLEY LATTICE 
SCATTERING. H. J. G. Meyer, Philips Re- 
search Laboratories, N. V. Philips’ Gloeilam- 
penfabrieken, Eindhoven, Netherlands (Re- 
ceived May 5, 1958). 


A quantum mechanical theory of infrared ab- 
sorption by conduction electrons in germanium 
due to intravalley lattice scattering is developed 
which takes into account the multivalley struc- 
ture of the conduction band as well as the pre- 





VOLUME 1, NUMBER 7 


PHYSICAL REVIEW 


LETTERS OcrToBeER 1, 1958 





sent knowledge about intravalley lattice scat- 
tering. Within the framework of the deforma- 
tion-potential theory, the calculation can be 
performed without any serious approximations 
for all relevant wave lengths and all relevant 
temperatures. The final result for the absorp- 
tion constant due to scattering by acoustical 
modes contains the two deformation-potential 
constants and may be of help for their quantative 
determination. If their numerical values as 
known at present are used for the numerical 
evaluation of the absorption constant at \=107° 
cm and T= 78°K, the result is too low by a fac- 
tor of about 5 as compared to the experimental 
result of Fan and Spitzer. If this discrepancy is 
ascribed to the influence of the optical modes, 
an estimate may be made of the strength of the 
coupling of a conduction electron to these modes. 
On the basis of a simpler model, impurity scat- 
tering is also considered and regions of impurity 
concentration, wavelength, and temperature are 
indicated where impurity scattering may be 
neglected. Besides the determination of the de- 
formation potential constants, the theory may be 
useful for the exploration of the band structure 
and the various scattering mechanisms and also 
for the study of impurity-band-conduction phe- 
nomena. The general limits of validity of the 
theory are indicated. 


‘ TRANSITION TO THE FERROELECTRIC STATE 
IN BARIUM TITANATE. Dietrich Meyerhofer, * 
Laboratory for Insulation Research, Massachu- 
setts Institute of Technology, Cambridge, Mas- 
sachusetts (Received June 19, 1958). 


The phase transition in BaTiO, at the Curie 
point was investigated on single crystals with 
optical and electrical techniques. Besides 
raising the cubic-tetragonal transition ca 15°C 
in the usual way with an electric field along the 
cube-edge direction, an orthorhombic phase 
was induced above the Curie point by a field 
along a face-diagonal direction. Birefringence, 
polarization and dielectric constant were meas- 
ured above and below the Curie point as func- 
tions of field strength and field direction. The 
data fit a unified description using the free en- 
ergy equation of Devonshire. An atomic model 
for the induced orthorhombic phase is proposed 
with Ti ions displaced in alternate cube-edge 
directions. The shift of the ferroelectric tran- 
sition with electric field was observed optically 
and compared with predictions derived from the 


free energy curves. Two types of transition 
were observed: in the slow transition the new 
phase nucleates at the edges of the crystal and 
grows by domain wall motion; in the fast tran- 
sition, which occurs only if the electric field is 
changed faster than ca 1kv cm™' sec~’, the en- 
tire crystal switches in a uniform, continuous 
motion in 1 to 2 usec. 


* 
Present address: R. C. A. Laboratories, David 
Sarnoff Research Center, Princeton, New Jersey. 


ABSORPTION SPECTRUM OF KC1:Tl AT LOW 
TEMPERATURES. David A. Patterson, United 
States Naval Research Laboratory, Washington, 
D. C. (Received June 25, 1958). 


The ultraviolet absorption spectrum of 
thallium in single-crystal potassium chloride 
has been accurately measured down to.187 muy at 
295°, 77°, and 4°K. The asymmetry apparent in 
both major bands at room temperature disap- 
pears at low temperature. The existence of two 
kinds of singlet thallium centers in slightly 
different crystalline environments is suggested 
as a possible explanation. 


MOLECULAR THEORY OF THE DIELECTRIC 
CONSTANT. Laurens Jansen, Institute for 
Molecular Physics, University of Maryland, 
College Park, Maryland (Received May 21, 
1958). 


Dielectric theory is developed on a quantum 
mechanical basis, starting from the Lorentz 
microscopic field equations. A molecular ver- 
sion of the general theory is then analyzed and 
applied to compressed non(di)polar gases at low 
densities. This leads toa virial series for the 
dielectric constant. It is shown that a molecular 
theory is fundamentally ineffective in accounting 
for the observed results within the experimental 
accuracy. 


DETECTION OF A &@°E ENERGY SHIFT IN 
FOSITRONIUM FORMED FROM POLARIZED 
POSITRONS. Felix E. Obenshain and Lorne A. 
Page,” University of Pittsburgh, Pittsburgh, 
Pennsylvania (Received June 2, 1958). 


In an experiment designed to set an upper lim- 
it on the magnitude of -E energy for electrons 
and positrons, a persistent effect is found on 
reversing the direction of the electric field E 
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applied to a gas sample in which positronium is 
formed from polarized Na”* positrons. The 
positronium decay is studied by the two-photon 
angular correlation technique, and a 5% effect 
on the narrow-component coincidence rate is 
occasioned by reversing the 15-kilovolt/centi- 
meter field. The effect reverses sign when the 
positron spin polarization just before capture, 
P, = (oz), which is at least 0.25, is reversed 
by changing the source position. Other observa- 
tions made concurrently suggest that the highly 
Stark- mixed (excited) levels of positronium in 
transient existence may be acting as a spin- 
filter whose action reverses with E. Such be- 
havior would entail mixing between triplet 
(heavily mixed S and P) levels and the adjacent 
(similarly mixed S and P) singlet levels—to 
which problem quantum electrodynamics has 
heretofore not been applied. 


* 
Present address: University of Uppsala, Uppsala, 
Sweden. 


FREQUENCY SHIFT OF THE ZERO-FIELD 
HYPERFINE SPLITTING OF Cs'*** PRODUCED 
BY VARIOUS BUFFER GASES. M. Arditi, 
International Telephone and Telegraph Labora- 
tories, Nutley, New Jersey, and T. R. Carver, 
Palmer Physical Laboratory, Princeton Univer- 
sity, Princeton, New Jersey (Received June 27, 
1958). 


The pressure shift caused by collisions with 
various noble gases in the zero-field ground- 
state hyperfine interaction of Cs*** has been 
measured by an optical transmission, microwave 
saturation method. A pressure shift to higher 
frequency was found in the case of the lighter 
gases, hydrogen, helium, nitrogen, and neon 
(+1900, +1600, +930, +650 cycles/mm Hg), 
while a pressure shift to lower frequency was 
found in the case of the heavier gases, argon, 
krypton, and xenon (-250, -1300, -2400 cycles/ 


mm Hg). 


NARROW HYPERFINE ABSORPTION LINES OF 

Cs*** IN VARIOUS BUFFER GASES. E. C. Beaty 
and P. L. Bender, National Bureau of Standards, 
and A.R. Chi, U. S. Naval Research Laboratory 

(Received June 30, 1958). 


Linewidths as narrow as 40 cps have been ob- 
tained for the hyperfine transition at 9192 Mc/ 
sec in cesium vapor. The Doppler width was 
greatly reduced by collisions with an inert buffer 
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gas. An optical detection method was used to 
observe the microwave absorption lines. Shifts 
in the observed frequency due to collisions with 
the buffer gas were measured as a function of 
the temperature and pressure of the gas. It was 
found possible to greatly reduce the shift in fre- 
quency with temperature by using the proper 
mixtures of inert gases. The contribution to 
linewidth due to collisions with the buffer gas 
was also determined. 


LOW EVEN CONFIGURATIONS IN THE FIRST 
SPECTRUM OF RHENIUM (Re I). Richard E. 
Trees, National Bureau of Standards, Washing- 
ton, D. C. (Received May 16, 1958). 


The theory of intermediate coupling with con- 
figuration interaction is used to calculate ener- 
gy levels and g values in the 5d°6s* and 5d°6s 
configurations of Re I. Fifty-one observed lev- 
els are fitted with a mean deviation of + 325 cm™ 
by using eleven free parameters. The L(L+1) 
correction is important, as the mean deviation 
is + 514 cm™' without it; the parameter for this 
correction (a = 66.8 + 13) has a value similar to 
that in first and second long-period spectra. 
Standard deviations of the parameters are cal- 
culated, and within the limits so defined, Slater’s 
parameters are consistent with expectations 
based on known behaviour in first and second 
long-period spectra. Calculated g values agree 
with observed values for thirty-seven levels to 
about + 0.03. Levels not previously assigned 
from experiment are given designations; the 
eigenvectors are used to illustrate qualitative 
features of these designations. 


1 


SOME MEASUREMENTS OF ATMOSPHERIC 
NEUTRONS. John D. Gabbe, * Physics Depart- 
ment, New York University, University Heights, 
New York (Received March 4, 1958; revised 
manuscript received July 17, 1958). 


A series of airplane flights carrying neutron 
counters to an altitude of 700 g cm™* was made 
at 52° 20’ North Geomagnetic Latitude in 1955. 
Enriched and normal BF, counters were covered 
with Cd, Sn, Pyrex, and lime-glass shields. 
The ratios of the counting rates of the variously 
shielded counters are compared with the ratios 
calculated theoretically on a thick-shield basis 
using the neutron energy distribution function 
derived by Freese and Meyer. The neutron- 
production data taken by Davis and by Staker 
with Pyrex-glass-envelope BF, counters are 
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corrected for the absorption of neutrons by the 
boron in the Pyrex. The corrected neutron-pro- 
duction rates are recalculated to be 2.10.4 cm™ 
sec™* and 0.9+0.2 cm™ sec™ at 54° 36’ and 30° 
24’ North Geomagnetic Latitude, respectively, 
using recent values for the various neutron 
cross sections. These corrected rates agree, 
to within 5%, with the recent measurements re- 
ported by Soberman. The above energy distri- 
bution function was found, within the limited ac- 
curacy of the experiment, to describe the energy 
distribution of atmospheric neutrons. 


*Present address: Bell Telephone Laboratories, 
Incorporated, New York, New York. 


SCATTERING OF LOW-ENERGY NEUTRONS BY 
DEUTERONS. L. Sartori, Palmer Physical 
Laboratory, Princeton University, Princeton, 
New Jersey, and S. I. Rubinow, Department of 
Physics, Stevens Institute of Technology, Ho- 
boken, New Jersey (Received March 31, 1958). 


Neutron-deuteron scattering lengths are cal- 
culated by a new variational method which makes 
provision for polarization (space distortion) of 
the deuteron. Central Gaussian potentials are 
employed to represent the two-body interaction, 
and the trial function is also Guassian in nature. 
The results indicate that polarization is not im- 
portant in either spin state, except for that 
which is automatically provided by the exclusion 
principfe. The calculated scattering lengths 
are not in good agreement with either of the two 
experimentally allowed sets. 


BORON PLUS DEUTERON REACTIONS. R. W. 
Kavanagh and C. A. Barnes, Kellogg Radiation 
Laboratory, California Institute of Technology, 
Pasadena, California (Received June 16, 1958). 


Gamma and alpha emission from the 15-Mev 
level of C’ is investigated in the reaction B'*(d, 


n)C*, An upper limit on the ratio of a to y 
radiation from the state is r,/T,< 1.5. The 
excitation threshold for 15-Mev gamma radia- 
tion is 1.633+0.003 Mev, and the cross section 
is given as a function of bombarding energy up 
to 3.25 Mev. Resonances are found at 2.180 
+0.010 and 3.080+ 0.015 Mev. Momentum analy- 
ses of a particles from deuteron bombardment 
of B'° and natural boron reveal no excited states 
in Be® in the range of excitation 9.8 to 14.8 Mev, 
and no new states in Be® below 4.7-Mev excita- 
tion. The nature of the 1.75-Mev level of Be® is 


discussed. The branching of the 8 decay of B” 
to the 4.43-Mev state of C” is found to be (1.4 
+0.4)%, allowing the unique assignment J=1* to 
the B” ground state, which is presumed to be 
the analog of the 15-Mev state of C’*. Upper 
limits of (0.00+0.01) and (0.1+0.1)%, respec- 
tively, are found for y rays with E,,>6 Mev and 
E, =3.2 Mev following B” decay. The cross 
section for the production of B” is given as a 
function of bombarding energy for 0.5<E7<3.25 
Mev. 


ISOMERS IN Tb *** AND Ho’®’. N. B. Gove, R. W. 
Henry, L. T. Dillman, and R. A. Becker, Phys- 
ics Department, University of Illinois, Urbana, 
Illinois (Received June 27, 1958). 


The isomeric transition in Tb'*® with 10.5- 
second half-life and 111-kev transition energy 
is designated M3. The isomeric transition in 
Ho'®*, with 0.8-second half-life and 299-kev 
transition energy, is designated E3. 


NEUTRON NONELASTIC CROSS SEC TION 
MEASUREMENTS ON CARBON. M. H. Mac- 
Gregor and Rex Booth, Radiation Laboratory, 
University of California, Livermore, California 
(Received June 23, 1958). 


Neutron nonelastic cross sections for carbon 
have been measured over the energy range from 
5.8 to 12.9 Mev. The main features of the car- 
bon nonelastic cross section as a function of 
neutron energy are a gradual rise from thresh- 
old (4.8 Mev) up to 7 Mev, a steep rise from 7 
to 8 Mev, and an approximately constant value 
from 8 to 14 Mev. In the vicinity of sharp reso- 
nances in the total cross section, good cross sec- 
tion determinations are difficult to obtain using 
present-day sphere transmission techniques. 


COMPOUND-NUCLEUS PROCESSES FOR THE 
REACTION U*"* +n. E. R. Rae, B. Margolis, 
and E. S. Troubetzkoy, Columbia University, 
New York, New York (Received June 16, 1958). 


The neutron capture and inelastic scattering 
cross sections of U*** are calculated on the sta- 
tistical theory of nuclear reactions in the energy 
region up to 1.1 Mev. To carry out the program, 
one uses experimental data from the resonance 
region including the radiation width and the level 
spacing of the compound nucleus. One also 
makes use of the measured fission and total 
cross sections in the energy range considered, 
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the spectrum of excited states of the target, and 
an exponential level-density law for the com- 
pound states. The agreement with experiment is 
good. 


INNER BETA SPECTRA OF Ag!!! AND Rb®. 

R. L. Robinson” and L. M. Langer, Physics 
Department, Indiana University, Bloomington, 
Indiana (Received June 19, 1958). 


The relatively high comparative half-lives of 
the low-energy, inner beta- ray group of Ag*"’ 
and the inner group of Rb® suggest that their 
spectra may have nonstatistical shapes. The 
spectra were investigated with a 47 beta-ray 
scintillation spectrometer which had been adapt- 
ted for beta-gamma coincidence studies. Both 
spectra are found to exhibit nonstatistical 
shapes. 


* Present Address: Physics Division, Oak Ridge 
National Laboratory, Oak Ridge, Tennessee. 


SUM RULES FOR INELASTIC ELECTRON 
SCATTERING. S. D. Drell and C. L. Schwartz, 
Stanford University, Stanford, California (Re - 
ceived June 12, 1958). 


Sum rules are constructed for the analysis of 
inelastic electron scattering at high energy 
(~150 Mev) from light nuclei. Effects taken into 
account are: nucleon charge, recoil, and mag - 
netic-moment currents; exchange currents; 
finite nucleon size; nuclear center-of-mass 
motion; and the kinematical factors describing 
the correct relation between initial and final 
electron energies, the scattering angle, and the 
nuclear excitation energy. It appears that a 
sensitive test of the role of exchange currents 
in the nuclear ground state is provided by a sum 
rule for the energy-weighted cross section for 
fixed momentum transfer, 


On= ff. eo(e, q)de. 
|q!= const 


TESTS FOR THE SPIN IN THE DECAY OF 
PARTICLES OF ARBITRARY SPIN. Loyal Dur- 
and, III, and Leon F. Landovitz, Institute for 
Advanced Study, Princeton, New Jersey, and 
Jack Leitner, Duke University, Durham, North 
Carolina (Received June 11, 1958). 


The polarization and angular distribution of a 
spin-$ particle produced in the decay of a fer- 
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mion of arbitrary spin into two particles of spins 
0 and 4, and in the decay of a boson of arbitrary 
spin into two different spin- + particles, one of 
which is a two-component neutrino, are calcu- 
lated in terms of the general decay amplitudes. 
The results are applied to the discussion of 
tests for the spin of the decaying particle. Re- 
strictions on the possible spins are found in 
terms of inequalities limiting the values of cer- 
tain test functions applied to the experimental 
angular distributions and polarizations. The 
results for the boson decay are used in a dis- 
cussion of the spin of the K, 5 and of the possi- 
bility of lepton conservation in the K,,5 and 7-y 
decays. A limit of 10 percent nonconservation 
of leptons is found if the K spin is 0. Applica- 
tion of the spin tests to the decay of the A° hype- 
ron provides substantial evidence that the A° 
spin is 4. 


NEGATIVE K-MESON REACTIONS WITH PRO- 
TONS: MASSES OF CHARGED SIGMA HYPERONS 
AND THE NEGATIVE K MESON. Walter H. 
Barkas, John N. Dyer, Peter C. Giles, Harry H. 
Heckman, Conrad J. Mason, Norris A. Nickols, 
and Frances M. Smith, Radiation Laboratory, 
University of California, Berkeley, California 
(Received June 30, 1958). 


New measurements of the masses of the 
charged sigma hyperons and the negative K me- 
son are reported. The results obtained are 


M 5+ = 1189.3 + 0.3 Mev, 
M 5+ = 1195.8 + 0.5 Mev, 
Mr- = 493.87 + 0.46 Mev. 


No evidence for more than one K” -meson 
mass was found. The terminal behavior of the 
=” hyperons was also studied. 


CROSS SECTIONS FOR ASSOCIATED PRODUC- 
TION BY PROTONS. David Berley’ and George B. 
Collins, Brookhaven National Laboratory, Upton, 
New York (Received June 16, 1958). 


Associated production from different target 
nuclei has been investigated by detecting gamma 
rays originating from unstable particles which 
decay downstream from a target bombarded 
with 3-Bev protons. The variations in the inten- 
sities of these observed gamma rays with atomic 
weight of the target nucleus indicate that an ap- 
preciable fraction of heavy-meson and hyperon 
production occurs as a result of some two-step 
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process, such as intermediate 7 production. For 
processes which involve production of 2°, A°, or 
K® by p -p and by p-n collisions, the ratio of the 
cross sections for associated production is 

opp /Opm =0.2+0.3. 


* Present address, Columbia University, New York, 
New York. 


THE FLUX OF COSMIC RAY PARTICLES WITH 
Z = 2 OVER TEXAS. A Engler, M. F. Kaplon, 
and J. Klarmann, Department of Physics and 
Astronomy, University of Rochester, Rochester, 
New York (Received May 15, 1958). 


The fluxes of multiply charged cosmic ray par- 
ticles have been measured with nuclear emulsions 
in a high altitude balloon flight. The identification 
of a-particles was based on “blob-gap” measure- 
ments while those of elements with Z23 on 5- 
ray densities. The charge resolution obtained 
was satisfactory. To calculate the fluxes at the 
top of the atmosphere, an extrapolation proced- 
ure, previously introduced in this laboratory, 
was employed. Two sets of parameters which 
account for the interactions in the residual at- 
mosphere, differing considerably as far as their 
influence on the fluxes of light elements is con- 
cerned, were used. The results (in particles /m? 
sec sterad) are as follows: 

Set I 
90.9+ 8.0, 
1.68 + 0.32, 
5.60 + 0.58, 
2.19 + 0.38, 


Set II 
89.2 + 8.0; 
0.45 + 0.36; 
6.05 + 0.56; 
2.19 + 0.38. 


INTERPLANETARY MAGNETIC FIELD AND ITS 
CONTROL OF COSMIC-RAY VARIATIONS. J. H. 
Piddington, Radiophysics Laboratory, Common- 
wealth Scientific and Industrial Research Organ- 
ization, Sydney, Australia (Received February 
10, 1958). 


A model interplanetary magnetic field is de- 
scribed which may explain some features of 
solar cosmic-ray increases and also fluctuations 
in the primary radiation. The main features are 
as follows: 

(1) A chromospheric “explosion” occurs at the 
time of a flare in gas permeated by the sunspot 
field. The gas, linked with magnetic flux < 10” 
gauss cm’, is ejected from the vicinity of the sun. 

(2) The gas and field remain linked and the 
latter is so distorted that solar cosmic-rays are 
released ~;- 1 hour after the flare. 


(3) The trailing radial field is drawn out past 
the earth’s orbit to form a magnetic cone with 
closed ends. The life of the interplanetary field 
is at least a few months and a number of seg- 
ments may be built up from different spot fields. 
The general field may contribute, being extended 
to largely radial form by a general outward 
movement of gas. 

(4) Cosmic rays released after one flare may 
be influenced by the radial field resulting from a 
previous flare associated with the same, or per- 
haps a different, spot group. 

(5) On February 23, 1956, the magnetic cone 
enclosing the earth contained irregularities 
separated by ~ 0.5 astronomical unit, capable of 
deflecting 15-Bev protons up to ~ 20° and com- 
pletely scattering 1.5-Bev protons. Cosmic-ray 
diffusion was anisotropic, the rate being ~65 
times greater along the field than across the field. 
The main features of the solar increase may be 
explained by such a field. 

(6) Some observed variations of primary cosmic 
radiation (Forbush-type decreases, 27-day and 
diurnal variations) may be qualitatively explained 
by the model. 

(7) The model may explain aurorae in terms 
of ions of intermediate energy (~10°ev) trans- 
ported from the sun in the magnetic cone which 
reaches the earth in a day or two and may en- 
close it for many days or weeks. 


DEPOLARIZATION OF POSITIVE MUONS IN 
CONDENSED MATTER. Robert A. Swanson, 
The Enrico Fermi Institute for Nuclear Studies, 
The University of Chicago, Chicago, Illinois 
(Received June 27, 1958). 


The effects of parity nonconservation in the 
m7 - . - e decay chain are used to measure the 
depolarization of positive muons in solids and 
liquids. Depolarization factors are given for 
some 30 materials, including commonly used 
experimental media. The asymmetry coefficient 
a@ for the angular distribution of positrons emit- 
ted by muons from positive pions at rest is 
found to be 0.303 + 0.048. 


PRODUCTION OF STRANGE PARTICLES AND 
ANTIPARTICLES IN NUCLEAR INTERACTIONS 
OF VERY HIGH ENERGY (E ~10* ev). E. Lohr- 
mann and M. W. Teucher, Department of Physics, 
University of Chicago, Chicago, Illinois (Re- 
ceived June 30, 1958). 


The production of strange particles, nucleons, 
and antibaryons (antinucleons and antihyperons) 
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in nuclear collisions of an energy between 10” 
and 10'* ev was studied by looking for high- 
energy interactions produced by the secondary 
particles. The ratio of secondary interactions 
initiated by neutral particles to those initiated 
by charged particles was found to be 0=0.16 

+ 0.06. Under reasonable assumptions, these 
data indicate that 9.,** % of the high-energy 
charged secondary particles are charged K 
mesons or baryons and antibaryons. The aver- 
age energy of the primary collision used in our 
analysis is estimated to be of the order of 10*° 
ev. 


RELATIVE PARITY OF CHARGED AND NEU- 
TRAL K PARTICLES. A. Pais, Institute for Ad- 
vanced Study, Princeton, New Jersey (Received 
June 30, 1958). 


Neither from the experimental nor from a 
theoretical point of view is it obvious that the 
relative parity p(K) of charged and neutral K 
particles is even. This paper is devoted toa 
study of the case of odd p(K). It is shown (Sec. 
II) that in the approximation 6=(M>-M,)/M5 
=0, the 7-nucleon phenomena are charge in- 
dependent provided certain coupling constant 
relations are satisfied. The strong A-neutron 
and A-proton forces are no longer equal, but if 
m interaction between A and nucleon predomin- 
ates this equality is still nearly true. 2 and K 
mass differences may occur which are not me- 
diated by the electromagnetic field. The effects 
of finite 6 on 7-nucleon charge-independence de- 
viations are explored in Sec. III. Charge sym- 
metry is also violated. These deviations appear 
not to be disturbing. It is shown that the possi- 
bility exists of a negative contribution of a new 
kind to the proton-neutron mass difference. 17 - 
baryon and K-baryon couplings alone would lead 
to contradictions with experiments. These can be 
overcome by introducing a KK7 coupling; for odd 
p(K) this is compatible with parity conservation 
(Sec. IV). A qualitative explanation of K exchange 
scattering is given which is not unsatisfactory. 
The consequences for elastic K scattering are 
discussed. For 2K production in 7-nucleon col- 
lisions, the possibility exists of a violation of 
the triangle inequalities. There appears to be a 


good promise for understanding the forward 
(backward) peaking of charged (neutral) hyperons 
in associated production. It is pointed out that 
the K pair effects due to KK7 interaction lead to 
further violations of charge independence. The 
main effect anticipated is for 7 -nucleon S scatter- 
ing. The influence of a lack of charge symmetry 
on the nucleon-charge distribution is commented 
on. Section V deals with the symmetries of the 
strong interactions classified in terms of the 
four-dimensional real orthogonal group. Full 
four-invariance is broken by parity. It is con- 
jectured that each symmetry class is character- 
ized by one universal coupling constant. In Sec. 
VI the main points of direct experimental inter - 
est are summarized. 


ELECTROMAGNETIC STRUCTURE OF THE 
NUCLEON. P. Federbush, M. L. Goldberger, 
and S. B. Treiman, Palmer Physical Laboratory, 
Princeton University, Princeton, New Jersey 
(Received May 6, 1958). 


The electromagnetic structure of the nucleon 
is studied using dispersion relation techniques. 
Contributions to the magnetic moments and mean 
square radii from the two-pion intermediate 
state are studied exhaustively. It is shown that 
the electromagnetic structure of the meson it- 
self may play an important role here; this struc- 
ture is also discussed. The two-pion state 
seems to account reasonably for the isotopic vec- 
tor magnetic moment and magnetization mean 
square radius, but the charge density radius ap- 
pears to be much smaller than the currently ac- 
cepted experimental value. As regards the iso- 
topic scalar properties of the nucleon, we have 
studied the contributions from intermediate 
states with two K mesons and nucleon-antinu- 
cleon pairs (more generally baryon pairs). The 
K-meson state is treated by perturbation theory 
and found to have a small effect. Using an ar- 
gument based on the unitarity of the S matrix it 
is shown that the pair contributions must be 
small. Certain general properties of the three- 
pion state, believed to be the most important 
contributor to isotopic scalar quantities, are 
discussed; but we are unable to make any quan- 
titative statements. 
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